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5-6  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  30-day  outage  for 
the  first  5 years  with  15  participating  reactors 

5-7  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  15-day  outage  for 
the  first  5 years  with  20  participating  reactors 

5-8  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  30-day  outage  for 
the  first  5 years  with  20  panicipaling  reactors 

5-0  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  15-day  outage  for 
the  first  5 years  with  25  participating  reactors. 

5- to  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  30-day  outage  for 
the  first  5 years  with  25  participating  reactors 

5-11  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  1 5-day  outage  for 
the  first  5 years  with  5 participaimg  reaciors 
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Dulagc  ol  5.0-wit%  U“’enrichmcni 8 1 

2-28  Individual  fuel  cycle  coals  for  the  24-monlh  cycle  with  a 12-day  outage  at 

5.0-wi%  enrichnient - - - 82 

2-29  Individual  fuel  cycle  cost  percenlages  for  the  24-monlh  cycle  with  a 20-day 

outage  at  5.0-wi%  enrichment 82 


5-20  Individual  fuel  cycle  costs  fot  the  20-inonth  cycle  with  a 1 2-day  outage  at 

5.0- W198  enrichment -.83 

5-31  Individual  fuel  cycle  cost  percentages  for  the  30-month  cycle  with  a 12-day 

outage  al5.0-wi44  enrichment-  ...83 

5-32  Individual  fuel  cycle  costs  for  the  30-month  cycle  with  a 1 5-day  outage  et 

5.0- wt%u“’ enrichment ...84 

5-33  Individual  fuel  cycle  cost  percentages  for  the  30-month  cycle  with  a 30-day 

outage  el  5.0-wt%U^*  enrichment 84 

5-34  Individual  htel  cycle  costs  for  the  12-munth  cycle  with  a 15-day  outage  at 

4.2-wt%  enrichment ...85 

5-35  Individual  fuel  cycle  cost  percentages  for  the  12-monlh  cycle  witha  15-day 

outage  at  4.5-wt%  enrichment 85 


5-36  Individual  fuel  cycle  costs  for  the  12-monlh  cycle  with  a 15-day  oumge  tu 

4.5*wt%  enrichment 86 

5-37  Individual  fuel  cycle  cost  percentages  for  the  12-monlh  cycle  with  a 30-day 

outage  at  4.5-wt%  enrichment..  —86 

5-38  Individual  fuel  cycle  costs  for  the  1 8-monih  cycle  with  a I S-day  outage  at 

6.0-W156  enrichment ...87 

5-39  Individual  fuel  cycle  cost  percentages  for  the  18-monih  cycle  with  a 15-day 

outage  at  6.0-wi%  enrichment.. 87 

5-40  Individual  fuel  cycle  costs  for  the  1 8-monih  cycle  with  a 1 5-day  outage  at 

5 J-wt%  enrichment 88 


5-41  Individual  fuel  cycle  cost  percenlages  for  the  18-momh  cycle  with  n 30-day 

outage  01 5.5-wt%  enrichment 88 


5'57  Individual  liiel  cycle  cosl  percentages  for  the  42-month  cycle  with  a 30-day 

outage  at  7.5-wt%  enrichment - 96 

5-58  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  1 5-day  outage 

for  the  first  5 years  with  ore  costs  increased  to  S60  a kilogram 97 

5-59  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  30-day  outage 

for  the  first  5 years  with  ore  costs  increased  to  560  a kilogmm 97 

5-60  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  15-day  outage 

for  the  first  5 years  with  ore  costs  increased  to  580  a kilogram 98 

5-61  Fuel  cycle  cosl  comparison  of  varybg  cycle  lengths  with  30-day  outage 

for  the  first  5 years  with  ore  costs  iiKreased  to  580  n kilogmm 98 

5-62  Fuelcyclecostcomparisonofvaryingcyclelengthswith  15-dayoutoge 


for  the  first  5 years  with  ore  costs  decreased  to  520  a kilogram 99 

5-63  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  30-day  outage 

for  the  first  5 years  with  ore  costs  decreased  to  S20a  kiJogram 99 

5-64  Bose  fuel  cycle  cost  comparison  with  trendlines  of  Ihc  18. 24.  and 

30<mDnlh  cycle  with  15-^y  outage  length 100 

5-65  Fuel  cycle  cost  comparison  with  trendlines  of  the  18, 24.  ar>d  30-month 

cycle  with  15-day  outage  length  and  ore  increased  to  580  pet  kilogram 100 

5-66  Bose  fuel  cycle  cost  comparison  with  trendlines  of  the  18, 24,  arul 

30-monlh  cycle  wiUi  30-dny  outnge  length 101 

5-67  Fuel  cycle  cost  comparison  with  trendlines  of  the  18, 24.  and  30-month 

cycle  with  30-dny  outage  length  and  ore  increased  to  $80  per  kilogram 101 


5-68  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  1 5-day  outage 
for  the  first  5 years  with  conversion  costs  increased  to  510  a kilogram.... 

5-69  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  t^th  30-day  outage 


for  the  first  5 years  with  conversion  costs  increased  to  510  a kilogram 104 

5-70  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  1 5-day  outage 

for  the  first  5 years  with  conversion  costs  increased  to  513  a kilogram -..105 

5-71  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  30-day  outage 

for  the  first  5 years  with  conversion  costs  increased  to  513  a kilogram 105 


5<72  Fuel  cycle  cost  compari:foii  of  varybig  cycle  lengths  with  IS-day  outage 

for  the  first  5 years  with  cuitversioii  costs  decreased  to  S4a  kilogram 106 

3*73  Fuel  cycle  cost  compariaoit  of  varying  cycle  leitgths  vviih  30-day  outage 

for  the  first  S years  with  conversion  costs  decreased  to  S4  a kilogram 106 

S-74  Fuel  cycle  cost  comparison  with  trendlines  of  the  i8, 24,  and  30-Rionlh 

cycle  with  16-day  outage  length  and  conversion  costs  increased  to  SI3  per 
kilogram  „_..I07 


5-75  Fuel  cycle  cost  comparison  with  trendlines  of  the  18, 24,  and  30-month 

cycle  with  30-day  oulage  length  and  conversion  costs  increased  to  SI3  per 
kilogram 107 

5-76  Historical  price  data  of  SWUs  in  the  United  States  from  The  Ux  Cortsulring 

Company,  LLC  - 1 12 

5-77  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  IS-riay  oulage 

for  the  first  5 years  with  SWU  costs  decreased  to  $90  a SWU 112 

5-78  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  30-day  outage 

for  the  first  5 years  sviih  SWU  costs  decreased  to  $90  a SWU - 1 13 

5-79  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  15-dayouiage 
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5-80  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  30-day  oulage 

for  the  first  5 years  with  SWU  costs  decreased  to  $80  a SWU.— - 114 

5-81  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  15-day  outage 

for  the  first  5 years  with  SWU  costs  increased  to  $130  a SWU 114 

5-82  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  30-day  oulage 
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5-83  Foci  cycle  costcomparisonofvaryingcycle  lengths  with  15-day  outage 

for  the  first  5 yesrswlth  SWU  costs  increased  to  $150  a SWU 115 

5-84  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  30-day  oulage 

for  the  first  5 years  with  SWU  costs  incteased  to  $150  a SWU 116 

5-85  Fuel  cycle  cost  comparison  with  trendlines  of  the  18,24.  and  30-monlh 
cycle  with  1 5-day  oulage  length  and  SWU  costs  decreased  to  $80  per 
SWU 116 


Fuel  cycle  cost  comparison  withtrendlme>s  of  the  18, 24,  and  30*monlh 
cycle  with  30-day  ouuge  length  and  SWU  costs  decreased  to  $80  per 


3-87  Individual  cost  variations  for  the  12-monlh  fuel  cycle  with  13-day  outage — 117 

S-88  Individual  cost  variations  for  the  12-month  fuel  cycle  with  30-day  outage 118 

3-89  Individual  cost  variations  for  the  18-month  fuel  cycle  with  13-day  outage 118 

3-90  Individual  cost  variations  for  the  13-monih  fiiel  cycle  with  30-day  outage 119 

3-91  Individual  cost  varioKoiis  for  the  24-month  fuel  cycle  with  15-day  outage 119 

3-92  Individual  cost  variations  for  the  24-month  fuel  cycle  with  30-day  outage 120 

5-93  Individual  cost  variations  for  the  30-month  fuel  cycle  with  13-day  outage 120 

3-94  Individual  cost  variations  for  the  30-rnomh  luel  cycle  with  30-day  outage 121 
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3-96  Individual  cost  variations  for  the  36-monlh  fuel  cycle  with  30-day  outage 122 

5-97  Individual  cost  variations  for  the  42-month  fuel  cycle  with  1 3-day  outage 122 

3-98  Individual  cost  variations  for  the  42-monih  fuel  cycle  with  30-day  outage 123 

3-99  Individual  cost  variations  for  the  18-monih  fuel  cycle  with  13-day  outage 

with  SWU  cost  reduced  to  $80  a SWU.-„—_— -.123 

3-100  Individual  cost  variations  for  the  24-momh  fuel  cycle  with  13-day  outage 

with  SWU  cost  reduced  to  $80  a SWU 124 

3-101  Individual  cost  variations  for  the  30-month  fuel  cycle  with  13-day  outage 

with  SWU  cost  reduced  to  $80  a SWU - 124 

3-102  Individual  cost  variations  for  the  18-month  fuel  cycle  with  30-day  outage 

with  SWU  cost  reduced  to  $80  a SWU 125 

3-103  Individual  cost  variations  for  the  24-monih  fuel  cycle  with  30-day  outage 

with  SWU  cost  reduced  to  $80  a SWU 125 

3-104  Individual  cost  variations  for  the  30-monlh  fuel  cycle  with  30-day  outage 

with  SWU  cost  reduced  to  $80  a SWU 126 


5-105  Individual  cost  vorialiona  for  the  IS-momh  fiiel  cycle  with  IS-day  outage 

with  ore  cost  reduced  by  27% 126 

S-l  06  Individual  cost  vaiialions  for  the  24-month  fuel  cycle  with  I S-day  outage 

with  ore  cost  reduced  by  27% 127 

5-107  Individual  cost  variations  for  the  30-monih  fuel  cycle  with  I S-day  outage 

with  ore  cost  reduced  by  27%  127 

S-l  OS  Individual  cost  variations  for  the  18-month  fuel  cycle  with  30-day  outage 

with  ore  cost  reduced  by  27% 128 

5-ID9  Individual  cost  variations  for  the  24-month  fuel  cycle  with  SO-day  outage 

with  ore  cost  reduced  by  27% 128 

5-110  Individual  cost  variations  for  the  30-month  fuel  cycle  with  30-day  outage 

with  ore  cost  reduced  by  27%  1 29 

5-111  Individual  cost  variations  for  the  I g-rnonih  fuel  cycle  with  15-day  outage 

with  conversion  costs  reduced  by  27% 129 

5-112  Individual  cost  variations  for  the  24-month  fuel  cycle  with  15-day  outage 

with  conversion  costs  reduced  by  27% — 130 

5-113  Individual  cost  variations  for  the  30-month  fuel  cycle  with  15-day  outage 

with  conversion  costs  reduced  by  27% 130 

5-1 14  Individual  cost  variations  for  the  18-momh  fuel  cycle  with  30-day  outage 

with  conversion  costs  reduced  by  27% 131 

5-1  IS  Individual  cost  variations  for  the  24-month  fuel  cycle  with  30-day  outage 

with  conversion  costs  reduced  by  27% 131 

5-116  Individual  cost  variations  for  the  30-monih  fuel  cycle  with  30-day  outage 

with  conversion  costs  reduced  by  27% 132 

5-1 17  Individual  cosi  variations  for  the  18-month  fuel  cycle  wilh  15-day  oulage 

with  fabrication  costs  reduced  by  27% - - -132 

S-II8  Individual  cost  variations  for  the  24-month  fuel  cycle  with  IS-day  outage 

with  fabricalion  costs  reduced  by  27% 133 

5-119  Individual  cost  variations  for  the  30-monlh  fuel  cycle  wilh  15-day  oulage 

with  fabrication  costs  reduced  by  27% 133 


S-120  Individual  cosl  variations  for  the  18-monlh  fuel  cycle  with  3Cklay  outage 

with  fabrication  cosis  reduced  by  27% 134 

S- 121  Individual  cost  variations  for  the  24-aionlh  fuel  cycle  with  30-day  outage 

with  fabrication  costs  reduced  by  27% 134 

5-122  Individual  cost  variations  for  the  30-month  fuel  cycle  with  30-day  outage 

with  fabrication  costs  induced  by  27%  .135 

5-123  Individual  cost  variations  for  the  18-moDih  fuel  cycle  with  15-day  outage 

with  reload  licensing  costs  reduced  by  27% —..135 

5-124  Individual  cost  variations  for  the  24-month  fuel  cycle  with  15-dayoulagc 

with  reload  licensing  costs  reduced  by  27% 136 

5-125  Individual  cosl  variations  for  the  30-month  fuel  cycle  with  15-day  outage 

with  reload  licensing  costs  reduced  by  27% 136 

5-126  Individual  cosl  variations  for  the  18-month  fuel  cycle  with  30-day  outage 

with  reload  licensing  costs  reduced  by  27% 137 

5-127  Individual  cosl  variations  for  the  24-month  fuel  cycle  with  30-day  outage 

with  reload  licensing  costs  reduced  by  27% 137 

5-128  Individual  cosl  variations  for  the  30-month  fuel  cycle  with  30-day  outage 
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5-129  Individual  cosl  variations  Ibr  the  18-month  fuel  cycle  with  15-day  outage 
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5-130  Individual  cost  variations  for  the  24-month  fuel  cycle  with  15-day  outage 
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5-131  Individual  cosl  variations  for  the  30-momh  fuel  cycle  with  IS-day  outage 

with  inlerest  rates  for  fuel  purchases  reduced  by  27% 139 

5-132  Individual  cosl  variations  for  the  18-month  fuel  cycle  with  30-day  outage 

with  interest  rates  for  fuel  purchases  reduced  by  27% 140 

5-133  Individual  coal  variations  for  the  24-ntonth  fuel  cycle  with  30-day  outage 

with  interest  rates  for  fuel  purchases  reduced  by  27% 140 

5-134  Individual  cost  variations  for  the  30-monlh  fuel  cycle  with  30-day  outage 

with  interest  rates  for  fuel  purchases  reduced  by  27% 141 


5-149  Fuel  cycle  cost  comperieon  with  trendlines  of  the  18, 24.  and  30-Tnonih 
cycle  with  1 5-dsy  outage  length  and  interest  rate  on  fuel  purehases  set  to 
20% _..._I48 

5-150  Fuel  cycle  cost  comparison  with  trendlines  of  the  18, 24,  and  30-month 
cycle  with  30-day  outage  length  and  interest  rate  on  iuel  purchases  set  to 


5-151  Fuel  cycle  cost  compartsou  of  varying  cycle  lengths  with  15-day  outage 

for  the  first  5 years  with  fabricalion  costs  increased  by  10% -151 

5-152  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  30-day  outage 

for  the  first  5 years  with  fabrication  costs  increased  by  10% 151 

5-153  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  15-day  outage 

for  the  first  5 years  with  fabricalion  costs  increased  by  20% 152 

5-154  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  30-day  outage 

for  the  first  5 years  with  fabrication  costs  increased  by  20%..— 152 

5-155  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  15-day  outage 

for  the  first  5 years  with  fabrication  costs  decreased  by  10% 153 

5-156  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  30-day  outage 

for  the  first  5 years  with  fabrication  costs  decreased  by  10% 153 

S-157  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  15-dayoutage 

for  the  firsts  years  with  fabrication  costs  decreased  by  20% 154 

5-158  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  30-day  oatage 

for  the  first  5 yeora  with  fabrication  coals  decieoscd  by  20% 154 

5-159  Fuel  cycle  cest  comparison  with  trendlines  of  the  18, 24,  and  30-inonth 

cycle  with  15-day  outage  length  and  fabricalion  costs  increased  by  20% -155 

5-160  Fuel  cycle  cost  comparison  with  trendlines  of  the  18, 24,  and  30-momh 

cycle  with  30-day  outage  length  and  fabrication  costs  increased  by  20% 155 

5-161  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  15-dayoutage 

for  the  first  5 years  with  reload  licensing  costs  decreased  by  25% 157 

5-162  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  30-day  outage 

for  the  first  5 years  with  reload  licensing  costs  decreased  by  25% 1 58 

5-163  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  15-dayoutage 

for  the  firai  5 years  with  reload  licensing  costs  dccieascd  by  50% 1 58 


S'164  Fuel  cycle  cost  comparison  of  varying  cycle  IcngtKs  with  30*day  outage 

for  the  first  5 years  with  reload  licensing  costs  decreased  by  90% 1 59 

5-165  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  15-dayoutagc 

for  the  first  5 years  with  reload  licensing  costs  increased  by  25% 159 

S-166  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  30-day  outage 

for  the  first  5 years  with  reload  licensing  costs  increased  by  25% 160 

5-167  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  IS-rlay  outage 

for  the  firsts  yeais  with  reload  licensing  costs  increased  by  50% 160 

5-168  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  30-day  outage 

for  the  ftrst  5 years  with  reload  licensing  costs  increased  by  50% 161 

5-169  Fuel  cycle  cost  comparison  with  trendlines  of  the  18. 24,  artd  30-month 
cycle  with  15-day  outage  length  and  reload  licensing  costs  increased  by 
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50  ___165 

kiV  'hr^ 
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cycle  with  1 5-day  outoge  length  and  replacement  power  costs  increased  to 
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S-l  87  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  1 5-day  outage 
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for  the  first  5 years  with  dry  cask  storage  costs  decreased  by  ID% 174 
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The  nuclear  power  industry  in  the  United  Slates  is  currently  limited  to  5-wt%  U^* 

spent  fuel  assemblies,  allow  upgrades  in  reactor  power,  have  more  flexibility  in  fuel  cycle 
lengths,  and  allow  for  the  development  of  advanced  fiiel  designs.  Any  increase  in  fuel 
enrichments  requires  an  extensive  analysis  of  the  entire  fuel  cycle  including  enriching, 
conversion,  manufncluring.  shipping,  and  sionigc  of  enriched  fuel.  The  cost  of  the 
detailed  analysis,  licensing,  and  modifications  to  existing  facilities  or  the  construction  of 
new  facilities  appears  lojustify  the  use  ofhigher  enriched  fuel.  The  purpose  of  this  study 

wl%  U“’  commercial  fuel.  The  study  focused  on  evaluating  typical  fuel-processing 

modifications  for  processing,  fabriesring.  shipping,  and  storage  ofhigher  enriched  fuel. 


The  rB»ulu  ofUiis  study  indicate  that  incentive  to  increase  enrichments  depended  un 
the  cycle  tengih  uUiized.  For  reactors  on  on  1 S-monlh  cycie  there  was  Uttie  incentive  to 
increase  enrichmems.  However,  potenliaiiy  miiiions  of  dollars  per  year  could  be  saved 
by  reactors  on  a 24-month  cycle  if  they  increased  enrichments  up  to  6.5-wt%  U***. 

Lnr^r  inceoTives  occurred  for  reactors  using  longer  cycles. 

The  fuel  purchase  interest  rate  was  the  dominant  factor  ut  determining  the  cost 
savings  in  using  higher  than  S.O-wtVi  liiei.  Increases  in  interest  rales  alone  could  result  b 
sipificanl  losses  if  higher  enrichmcnis  were  used.  The  other  dominate  factor  affecting 
savings  is  the  separative  worit  charge.  However,  this  cost  appears  to  be  stable  with  new 
facilities  planned.  Thus,  although  interest  rales  are  volatile,  the  potential  gain  appears  to 
outweigh  any  loss  that  could  be  seen  by  increased  enrichments  beyond  the  current 
licensing  limit  of  5-wt%  U’”  for  planu  on  a 24-monlh  or  longer  cycle. 


CHAPTER  I 
INTRODUCTION 

Motlvjtlon  and  Objeclivc 

In  the  United  Staten  there  in  a nrrong  nuclear  industry  incentive  for  increasing  fuel 
reload  enrichments  for  several  reasons.  First  and  most  importantly,  the  industry,  with  the 
S-wi%  limit  on  fuel  enrichments,  is  finding  current  tiiel  cycle  flexibility  greatly  restricted. 
The  upgrading  of  reactor  power  at  nearly  every  plant  is  creating  a demand  for  even 
higher  corichmenls  to  maintain  the  two  year  cycle  length.  Fuel  cycles  with  higher 
bumups  are  desirable  in  order  to  decrease  energy  costs  and  the  number  of  spent  hiel 
assemblies.  Higher  bumups  require  higher  enrichments  than  the  currently  licensed 
maximum  of  S-wtb'c  U^.  Whether  the  industry  is  able  to  move  to  increased  fuel 
enrichments  beyond  S-wt%  depends  to  the  greatest  extent  on  the  cost  of  required 
equipment  and  process  modifications  to  the  current  infrastructure  to  meet  licensing 
requirements  versus  the  economic  benefits  of  the  increased  bumup  and  cycle  length. 
Additionally,  new  incentives  such  as  a reduced  waste  charge  for  higher  bumups  would 

with  processing  higher  enrichments  will  prevent  reactors  from  goirtgto  higher  enriched 
fuels.  There  is  an  industry  concent  that  the  required  modifications  and  licensing  costs  of 
higher  enrichment  may  negate  any  fuel  cycle  advantages.  This  study  is  intended  to 
address  those  questions. 


The  tacloni  which  h^ve  both  economic  and  noneconomic  incentives  lo  increase 
enrichments  arc  I ) fewer  lieensing  submittals  as  a result  of  fewer  refuelings  due  to  the 
ionger  cycle  lengths  that  con  be  achieved  from  higher  enriched  fuels.  2)  increase  in 
availability  and  capacity  factor  due  to  longer  cycles,  3)  upgrades  in  reactor  power.  4) 
reduced  need  for  high  cost  of  replacement  power  during  refueling  outoges,  5)  lower 
radiation  exprasure  to  opeTaling  personnel.  6)  a decrease  in  the  number  of  spent  nuclear 
luel  assemblies,  and  7)  a decrease  in  scparalive-work-unit  (SWU)  loss  resufliog  &om 
disposition  of  weapoirs-grade  uraniirm,  and  8)  Improved  fuel  designs.  AddlUonally,  as  a 
result  of  oew  and  improved  reactor  desigrts  being  proposed  as  pan  of  the  Nuclear 
Engineering  Education  Research  (NEER}or)d  Nuclear  Energy  Research  Initiative  (NERl) 
research  programs  to  improve  reactor  safety  and  performance,  such  as  Inlcmational 
Reactor  Innovative  and  Secure  (IRIS)  and  Particle-Bed  Gas-Cooled  Fast  Reactor  fPB- 
GCFRX  new  core  and  fuel  designs  requiring  higher  enrichments  ace  being  proposed. 

Any  move  by  industry  to  increase  enrichmenls  will  depettd  on  the  cost  of  changing 
the  front  end  of  the  fuel  cycle  to  higher  enrichments  and  its  ctTecis  on  the  back  end  of  the 
fuel  cycle.  The  licensing  process  for  higher  ettrichments  for  fuel  pmcessing,  tiartspori. 
and  handibg  will  require  sufficient  criticality  data  in  the  higher  enrichment  range  lo 
sail  sly  the  Nuclear  Regulatory  Commission  of  the  accuracy  of  the  codes  being  used  to 
qtralily  Ihe  process.  Some  economic  disincenrives  for  going  to  increased  enrichmenls 
would  be  additional  costs  from  (1)  required  changes  lo  the  manufacturing  process  to 
ensure  criticality  safely,  resulcing  in  smaller  belches.  (2)  a requirement  for  more  poisons 
in  the  processing  and  handling  equipmeni,  (3)  excessive  Uconsing  requirements  for  higher 
enriched  fuel.  (4)  requirements  for  extensive  modifications  to  fuel  manufacturing 


tiicililies.  shipping  eonljunci^.  and  uliliiy  Aicl  storage  racks  to  recoivc.  store,  and  dispose 
of  the  Iti^er  enhehment  fuel,  and  (5)  licensing  requirements  for  extensive  criticality  test 
data-  For  increased  enrichments  to  be  economically  viable,  the  penalty  for  the 
processing,  transporting,  handling,  and  storage  must  be  relatively  small  compared  to 
current  costs.  The  primary  purpose  of  this  research  is  to  develop  a model  of  the  fuel 
cycle  and  examine  the  feasibility  and  the  cost  impact  of  increasing  fuel  ertrichments  in 
the  range  of  5 to  iOwt%U“’. 

Previous  Research 

Currently  there  ate  only  a few  criticoJity  experiments  in  the  live  to  ten  weight  percent 
enriched  range  [1  j.  There  is  one  experimental  set  ftom  Great  Britain  with  seven  percent 
enriched  uranium  as  UOr  rods,  several  solution  systems  documented  by  the  Japanese  and 
some  US  mem]  experiments  starting  at  nine  percent  rmriched  and  higher.  There  are  live 
Russian  UOr  li^t  water  reactor  cxpcrimenls.  The  first  experiment.  LEU*COMP* 
THERM-022,  was  titled  "Uniform  Water-Moderated  Hcxagonally  Pitched  Lattices  of 
Rods  with  U(10%)Oc  Fuel"  and  composed  of  seven  crilical  experiments  for  uniform  fully 
flooded  bcxagonallauiccs  with  pitch  values  of  0.7, 0.8, 1.0, 1.22.  1.83.  and  1.832  cm. 

The  second  experiment.  LEU-COMP-023.  was  litied  "Panially  Flooded  Unifonn  Lattices 
of  Rods  with  U(10%)02  Fuel",  and  composed  of  six  cridcal  experimems  fordifTcrent 
levels  of  water  in  the  active  core.  The  pilch  value  of  the  lattice  was  1 .4  cm.  Water  levels 
were  varied  from  22.58  cm  to  54.58  cm  as  the  number  of  rods  was  decreased.  The  third 
experiment.  LEU-COMP-OZd,  was  tilled  “Waler-Moderaled  Square-Pitched  Uniform 
Lattices  of  Rods  with  UflOKJO:  Fuel"  and  composed  of  two  critical  experiments  for  two 
square-pitched  lanices  of  fuel  n>ds.  The  pitch  values  of  the  laidces  were  0.62  and  0.8768 


cm.  The  fourth  t 
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expeiimenu  LEU.COMP-025.  war  titled  "Waici 
Pitched  Unices  of  U(7.3V.)02  Sisinless-Sleel-Clad  Fuel  Rods"  end  composed  of  four 
Ailly  flooded  critical  configurations  with  hexagonal  lattices  with  pitch  valuesof  7. 8. 10, 
and  12.2  mm.  The  fifth  experiment,  LEU-COMP-032.  wax  titled  "Uniform  Water- 
Moderated  Unices  of  Rods  with  U(iOW)02  Fuel  in  Range  From  20  “C  to  274  "C'and 
composed  of  nine  critical  experiments  for  uniform  fully  flooded  hexagonal  lattices  with 
pilch  values  of  0.7, 1 .4.  and  1 .852  cm  at  three  different  lempenilures  ranging  from  20  C 
to  274  C for  each  lattice.  All  experiments  were  brought  to  a k,rrvalue  of  1.000.  The 
experiment  were  modeled  in  MCNP4a  and  ran  500  generations,  skipping  the  1st  50. 
lOOO  neutrons  per  generation  for  alolal  of  450,000  histories.  The  results  of  the  MCNP 
models  of  the  critical  experiments  with  one  standard  deviation  a.s  well  icxihe  uncertainty 
of  the  benchmark  models  are  given  in  the  following  tables. 

Table  I • I . Results  of  MCNP4a  sample  calculations  from  LEU-COMP-THERM-022  [1 1. 


Table  1-2.  Resulis  of  MCNP4a  sample  calculations  from  LEU-COMP-THERM-023  ( 1], 


T^e  University  of  Florida  with  Sandia  Nationai  Loboralories,  FramaTome,  and  Oak 
Ridge  National  Laboratory  are  currently  setting  up  a critical  experiment  to  obtain 
additional  high  enrichment  criticality  data  at  6.93>wt%  to  benchmark  the  Russian 
and  English  data.  Current  computer  codes  such  as  MCNP  and  CASMO/SIMULATE 
have  been  evaluated  by  the  Nuclear  Regulatory  Commission  and  have  been  certified  as 
being  capable  of  calculating  systems  up  to  the  five  percent  enrichment  range.  Further 
critical  experiments  in  the  live  to  ten  weight  percent  range  will  allow  the  benchmarking 
of  these  codes  and  validate  them  for  higher  enrichments. 

The  International  Criticality  Safety  Benchmark  Evaluation  Project  (ICSBEP)  was 
initiated  in  October  of  1992  by  the  Department  of  Energy  Defense  Programs  Systems 
Engineering  Division.  This  project  is  managed  Ihrough  the  Idaho  National  Engineering 
and  Environmental  Laboratory  (INEEL)  and  involves  nationally  known  criiicalily  safety 
experts  horn  Los  Alamos  National  Labcmiory.  Lawrence  Livermote  National 
Laboratory,  Savannah  River  Technology  Center,  Oak  Ridge  National  Laboratory  and  the 
Y-l2PlanL  Hanford,  Argonne  National  Laboratory,  and  the  Rocky  Flat  Plant  An 
loiemational  Criticality  Safety  Data  Exchange  component  was  added  to  the  project  in 
1994.  Representatives  from  ihe  United  Kingdom,  France,  Japan,  the  Russian  Federation, 
Hungary,  Korea.  Slovenia,  Yugoslavia,  Spain,  and  Israel  are  now  participating  on  the 
project.  The  ICSBEP  is  an  ofliciaj  aclivity  of  the  OECD-NEA. 

The  work  of  the  ICSBEP  is  documented  os  an  intemolionaJ  Handbook  of  Evaluated 
Criticality  Safety  Benchmark  Experiments.  Currently,  the  handbook  spans  over  22.000 
pages  and  contains  307  evalualions  representing  2462  critical  coaEgurations.  The 


handbook  is  intended  tor  ase  by  criticality  sntety  analysts  to  perform  necessary 
validations  of  their  calctdational  techniques. 

Descriptioo  of  the  Nuclear  Fuel  Cycle 

Mining 

The  first  three  steps  in  the  fuel  cycle,  mining,  milling,  and  conversion,  will  not  be 
affected  in  a criticality  safety  sense  hy  an  increase  in  enrichment.  However,  in  order  to 
develop  an  economic  model,  they  will  be  iiKlnded  lo  quantiiy  Ihc  cniire  fuel  process. 
Going  to  higher  crtrichmenls  does  change  the  feed  requirements  in  relation  to  processing. 
Over  half  the  world's  prodticlion  ofurtmium  from  mines  is  in  Canada  and  Ausiralia  [2]. 

In  1990  5S%  of  world  production  came  from  underground  mines,  but  this  ^irank 
dramalicallylo  339i  in  1999.  From  2000.  this  percentage  increased  due  to  new  Canadian 
mines.  In  2001,  production  was  as  follows:  open  pit  29%,  underground  40%,  in<silu 
leach  (iSL)  16%,  and  by-product  15%, 

There  are  three  methods  used  lo  mine  uranium  ore;  open  pit  mining,  underground 
mining,  and  soIuUon  milling  (also  called  in-si(u  leaching).  Back  In  1986  about  97%  of 
uranium  ore  came  from  surface  mining.  In  open  pit  mining,  holes  are  drilled  to  define  the 
cm  bed.  The  topsoil  is  then  removed  and  put  aside  so  it  can  be  used  later  to  refill  the  pits. 
V/osle  rock  and  other  overburden  oiu  removed  by  large  scrapers  and  hauled  oui  by  trucks. 
Technicians  use  G-M  counters  to  locate  uranium  ore.  Once  ihc  uranium  ore  bed  is 
reached,  the  ore  is  dug  using  small  front-end  loaders  and  loaded  Imoore  hauling  trucks  to 
be  tnutsferred  to  the  surface  and  stockpiled.  The  ore  is  then  taken  to  the  mill  by 
"suii^le"  ovcr-thc-mad  trucks. 
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The  ore  in  an  underground  mine  may  be  below  ground  level  by  almost  a mile. 
Side  tunnels  are  cut  into  the  ore  deposits  and  ihe  ore  is  removed,  taken  to  the  surface  in 
mining  carts,  and  hauled  by  trucks  to  the  mill.  Some  disadvantages  to  this  type  of 
mining  are  as  follows:  port  of  the  ore  is  left  behind  to  support  the  roof  of  the  mine,  there 
is  Q potential  for  cave  ins.  and  radon  gas  (^Rn)  from  the  uranium  ore  requires  miners  to 
wear  masks  in  the  ore  produeing  sections  oflhe  miite,  os  well  os  radon  detectors  to 
measure  the  cumulative  radiation  dose.  High  venlilallon  flow,  tens  of  miles  per  hour,  is 
required  to  reduce  the  radon  to  manageable  levels.  An  advantage  of  underground  milting 
is  that  the  surface  area  over  the  mine  is  left  undisturbed.  Tbe  Environmental  Protection 
Agency  (EPA)  limit  on  radon  concentnuion  has  made  underground  mining  in  Ihe  U.S. 
Totally  uneconomical. 

Today  approximalcly  8SHofthe  US  uranium  production  is  from  In-situ  leaching 
(ISL).  About  12  such  ISL  facilities  exist  in  the  United  States.  Of  these,  six  are  licensed 
by  the  NRC  as  shown  in  Table  1 -6  and  the  rest  are  licensed  by  Texas.  The  largest 
uranium  production  facilities  in  the  United  Slates  are  Camcco's  Smith  Ranch  and 
Highinnd  facilities  in  Wyoming.  The  production  life  of  an  individual  ISL  well  pattem  is 
usually  less  than  3 yearn,  typically  6-10  months.  Most  of  the  uranium  is  recovered  during 
the  first  6 months  oflhe  operation.  The  most  successful  operations  hove  achieved  a lotai 
overall  recovery  of  about  80%  oflhe  ore.  This  process  is  also  used  to  mine  copper  and 

in  a typical  ISL  well  five  holes  are  drilled  about  SO  h apart  [3].  The  middle  and 
outside  holes  (injcclion  wells)  are  used  to  inject  the  leaching  solution  {oxygenated  and 
acidified  groundwater)  down  to  the  ore  where  it  dissolves  the  uranium.  If  there  is 


significanl  cajcium  in  the  orebody  (such  ss  limestone  or  gypsum},  atkolinc  (carbonele) 
leaching  must  be  used.  Otherwise,  acid  (sulfate)  leaching  is  used.  The  other  two  holes 
(retrieval  wells)  arc  used  to  suction  up  the  dissolved  uranium  solution  and  carry  it  up  to  a 
resin  ion  exchange  (K)  or  liquid  ion  exchange  (solvent  extraction  - (SX»  system  (Figure 
1-1).  Thcc)ioice  is  largely  determined  by  the  salinity  of  the  groundwater.  SX  is  better 
with  high  salinity.  The  uranium  is  then  stripped  from  the  ion  exchange  resin  and 
precipitated  chemically,  usually  with  hydrogen  peroxide,  Tlie  itmnium  slurry  is 
dewatered  and  dried  to  give  hydrated  uranium  peroxide  (UO4.2H3O)  product.  Low 
lemperantre  drying  will  yield  U3O1. 

Before  the  remaining  process  solution  is  reinjected,  it  is  oxygenated  and  if 
necessary  recharged  with  sulfiiric  add  to  maintain  a pH  of  about  2.9  to  2.8.  Most  of  the 
solution  is  returned  to  the  injection  wells,  but  a very  small  flow  (about  1%)  is  bled  off  to 
maintain  a pressure  gradient  in  the  wellfield  and  this,  with  some  solutions  from  surface 
processing,  is  treated  as  waste.  This  waste  stream  contains  various  dissolved  minerals 
such  as  radium,  arsenic  and  iron  Irom  ihe  orebody  and  is  reinjected  into  approved 
disposal  wells  in  a depleted  portion  of  the  orebody.  This  bleed  off  proce,ss  solution 
ensures  that  thrrre  is  a steady  flow  into  the  wellfield  from  the  surrounding  aquifer  and 
serves  to  restrict  the  flaw  of  mining  solutions  away  from  the  mining  area. 

Some  advantages  to  in-siiu  leaching  are  the  cHmination  of  the  crushing,  grinding, 
and  hauling  of  ore,  elimination  oflargc-.scale  excavations,  a reduction  of  risks  to  miners 
from  working  underground,  and  0 very  small  frocrion  (less  Uten  9%)  of  the  rudioactiviiy 
of  the  me  reaches  the  surface.  One  disadvantage  istfie  poteittiol  for  contamination  of  the 
groundwater. 


ground  into  powder  and  Lhen  roasted  to  remove  most  of  the  organic  mslcnai.  This 
procedure  is  followed  by  either  leaching,  ion  exchange  or  solvent  extraction.  The 
leaching  agent  not  only  extracts  uranium  Irom  the  ore,  but  also  contains  or  produces 

Then  the  uranium  is  precipitated  out  and  washed.  The  resultant  UjOg  is  then  centrihjged 
and  dried,  and  finally  packaged  into  S2-gallon  steel  drums.  Most  mills  in  the  United 
Slates  ate  being  decommissioned;  three  ore  in  standby  mode,  and  one  is  in  operation.  A 
listing  of  uranium  mills  licensed  by  the  NRC  in  the  United  States  can  be  found  in  Table 


1‘6.  )n-sim  leach  and  I 


;d  by  Ihe  NRC 


(•») 


ConvcrsioD  to  UF^ 


The  two  processes  used  to  convert  the  puriHed  U]Oi  are  the  dry  hydrofluor 
process  shown  in  Figure  1-2  and  the  wet  solvent  extiaction  process-  In  the  dry  hydrofluor 
process  the  UsOs  is  ftrst  ground  into  a fuie  powder.  Then  the  ground  material  enters  a 
fluidized  bed  reactor  where  it  is  maintained  at  a lemperanire  of  1000  to  I200*F  and 
reduced  by  hydrogen.  The  resuiling  product  consists  mainly  of  uraitium  dioxide  (UO2) 
which  is  a brown  oxide.  The  chemical  reaction  follows: 

U3O1  + 2H2  ->  2 HiO  + 3UO2 

Next  the  crude  UO2  is  passed  on  to  two  successive  hydrofluorinadon  fluidized' 
bed  reactors,  where  interaction  occurs  with  anhydrous  hydrogen  fluoride  (HF)  at  a 
temperature  of  900  to  1000^.  The  chemical  reaction  that  tabes  place  is 

UO2  + 4HF  ^ 2H3O  + UF4. 

The  resulting  uranium  tetrafluoride  CUFx),  a green  salt,  is  a nonvolatile  solid  with 
ahighmellingpoint(l700  to  I SOOT).  It  is  treated  at  high  temperatures  with  fluorine 
gas  to  form  UFs,  according  to  the  reaction: 


UF4  + F-^UFs(gas) 


: further  purified  by 
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Since  some  volatile  impurities  do  follow  the  UF^.  it  must  be 
f^tional  distillation,  resulting  in  a purified  liquid.  This  liquid  UFs  is  drained  into  14'ton 
steel  cylinders  where,  after  cooling  for  S days,  the  UFs  crystallizes  [S|.  The  one 
cunveision  plant  operating  in  the  United  States  is  the  dry  conveislon  plant  owned  by 

that  have  conversion  plants  arc  Canada.  France,  United  Kingdom.  China,  and  the  Russian 


hydronu 


the  UFs  produced  by 


* loUF.131  cxm.  iron  fluonnalion process  10 convenUjO, 


UFa  is  a solid  white  material  at  room  temperarura  within  the  transport  container. 
During  transport  the  pressure  inside  the  containers  Is  kept  below  the  outside  atmospheric 
pressure.  UF«  is  not  flammable,  not  explosive  and  inert  in  dry  air.  It  does,  however, 
react  with  water.  The  humidity  of  the  air  is  sufficient  to  cause  it  to  undergo  a rapid 
conversion  into  water  soluble  itranyl  fluoride  (UOjFj)  and  hydrogen  fluoride  (HF).  In  the 
presence  of  cxces,s  water,  hydrogen  fluoride  forms  hydrofluoric  acid,  which  is  a deadly 
material  and  causes  serious  bums  on  contact.  But  even  at  very  low  concentrations,  long 
before  a possible  health  threat.  KF  is  dearly  visible  as  a grey  white  fog. 

EmiehiDg 

The  isotope  found  in  uranium  which  most  readily  splits  (fissions)  In  a commercial 
nuclear  reactor  is  U“’.  but  only  0.71 1 -wi?4  of  naturally  occurring  uranium  is  U“’. 
Commercial  fuel  is  currently  licensed  to  5-wt%  for  use  in  commercial  nuclear 
reactors.  Natural  occurring  uranium  contains  three  isotopes;  uranium  234  (U“*), 
uranium  235  (U^’j.  and  uranium  238  (U^.  Naiurai  uranium  contains  O.OOS4'Wt% 
which  occura  as  pan  of  Ihe  decay  chain  of  U’”.  The  greater  part  of  the  radioactivity  of 
uranium  results  ftom  U^,  All  three  isotopes  have  identical  chemical  properties  so  the 
major  way  they  can  be  separated  is  by  their  mast.  U“*is  heavier  than  and 
Although  the  is  not  desired  in  the  enriched  fuel,  increased  concentrations  of  it  are  a 
by-product  of  the  enriching  process. 

The  Paducah  Gaseous  Oi^ion  Plant  in  Paducah,  Kentucky,  is  currently  the  only 
operating  uranium  enrichment  facility  in  the  United  States  (7. 8],  Owned  by  the  U.S. 
Department  of  Energy,  it  is  leased  and  operated  by  the  United  States  Enrichment 


CorporaUon.  a wholly  owned  subsidiary  ofUSEC.  Inc.  The  plant  wa.s  opened  in  19S2  as 
pan  of  a U.S.  government  program  to  produce  highly  cmichcd  uranium  to  fuel  military 
reactors  and  produce  nuclear  weapons.  Enrichment  at  Paducah  originally  wa.s  limited  to 
low  levels,  and  the  plant  served  as  a "feed  facilily"  (producing  2.0  wl%  for  other 
enrichbg  plants  in  Oak  Ridge,  Tennessee,  and  Portsmouth.  Ohio,  where  the  enriched 
uranium  was  processed  to  higher  levels.  That  mission  changed  in  the  1 960.S.  when 
Paducah,  along  with  its  sister  plant  at  Portsmouth,  began  to  enrich  uranium  for  use  In 
commercial  nuclear  leactors  to  generate  eleclricily.  The  Portsmouth  plant  began 
production  in  1954  and  operated  almost  exclusively  for  national  defense  purposes  until 
1964.  In  May  200 1 . enrichment  operations  at  Portsmouth  were  discontinued  and 
consolidated  at  the  Paducah  plant  which  was  upgraded  to  handle  5 wt%  The 
Paducah  plant  currently  luxs  a design  capacity  of  approximately  1 1 million  separative 
work  units  (SWlis)  per  year.  The  USEC  is  also  ctirrently  planning  construction  of  a 
centrifuge  enrichment  plant  with  a partner  and  has  exclusive  rights  to  a laser  enrichment 
technology  called  SILEX  that  is  being  developed  by  Silex  Systems  Ltd.  of  Australia. 

This  selection  of  the  Paducah  enrichment  facilily  for  continued  operution  and  pruduction 
of  higher  wt%  fuel  represents  a major  challenge  in  the  effort  to  license  higher  enriched 
reload  fuel. 

For  the  gaseous  diffusion  process,  the  transpon  container  and  the  contained  UFs 
are  healed  in  a chamber  (autoclave)  for  feeding  Into  the  plant  LfFs  is  a solid  at  room 
temperature  but  becomes  a gas  when  heated  above  135  degrees  Fahranhcit.  First  the 
pressure  of  the  UFj-vapor  increases  as  it  evaporates  from  the  solid  UFstat  147°FUFs 
becomes  a liquid  and  the  pressure  increases  to  1.5  bar.  Before  the  UFs  is  piped  into  the 


cascades  the  pressure  Is  lowered  loSO  itibaj’ (1/20  of  normal  aUnospheric  pressure).  At 
Ihis  pressure.  UPt  remains  gaseous  within  the  pipes  even  at  environmental  room 
temperature.  The  gas  is  forced  through  a series  of  porous  membranes  with  microscopic 
openings  with  a pressure  differential.  The  process  separates  the  lifter  and 
isotopes  Irom  the  heavier  U^*.  Because  theU^  and  are  lighter  and  energy  is 
conserved,  they  strike  the  barriers  moreoOen  and  thereby  have  a greater  chance  of 
moving  through  the  barrier.  As  the  gas  dilTuscs.  the  isotopes  ate  separated,  increasing  the 
and  U^*  concentrations  and  decreasing  the  concentration  ofU^*-  The  enriched  and 
depleted  UFs  leaving  the  plant  is  solidified  again  in  fransporf  containers. 

In  May  1 999  USEC  decided  to  abandon  the  Advanced  Vapor  Laser  Isotope 
Separation  (AVLIS)  enrichment  process  as  its  future  technology.  The  AVLIS  process 
used  lasers  passing  through  high-icmpcnuure  uranium  melal  vapor  to  selectively  excite 
the  isotope,  ionize  it.  and  separate  the  U’”  in  order  to  produce  enriched  uranium. 
There  were  reports  that  although  the  physics  of  atomic  laser  separation  was  quite 
elTeciivc,  the  engineering  obstacles  associated  with  handling  vaporous  uranium  metal 
may  have  been  too  difficult  or  costly  to  overcome.  The  decision  to  terminate  AVLIS 
leaves  USEC  with  essentially  two  long-term  technology  options,  the  SUex  process,  under 
early-stage  development  in  Australia,  or  centrifuge  separation,  long  used  by  Russia  and 
the  European  consortium  Uienco.  The  Silex  process  also  employs  lasers  to  separate 
isotopes,  hut  the  feed  is  in  molecular  (UFs)  form,  which  is  relatively  easy  to  handle  at  low 
temperatures  and  is  the  industry  standard  for  enrichment.  The  eRecliveness  of  this 
process  at  commercial  scale  is  unknown  at  presenL 
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On  February  12. 2003,  USEC  submitted  a license  application  for  a gas  centrifuge 
unuiium  enrichment  test  lacility  or  "lead  cascade"  [9].  The  lead  cascade  will  be  based  on 
U.S.  Department  of  Energy’s  (DOE)  advanced  ga.s  centrifiige  technology.  The  USEC 
objeclive  is  to  rqtlieate  the  existing  technology  and  reduce  costs  using  advances  in 
carbon  fiber  and  other  material  and  manufacturing  technologies.  The  USEC  program 
would  be  performed  in  the  following  three  phnscs:  (1)  A demonstration  program  under 
DOE  auspices  artd  regulatory  control,  (2)  the  lead  cascade  phase,  nnd  (3)  the  commercial 
deployment  phase. 

The  demonstration  phase  is  intended  to  obtain  detailed  lest  data  for  the  gas 
centrifuge  machines.  The  lead  cascade  phase  is  Intended  to  provide  reliability  information 
on  the  machines  auxiliary  systems  as  it  would  he  used  in  commercial  operations.  The 
lead  cascade,  consistiog  of  240  centrifuges,  will  recycle  the  errriched  and  depleted 
urartium  it  produces.  The  only  uranium  withdrawals  from  the  cascade  will  be  in  the  form 
of  samples.  In  the  commercial  deployment  phase,  the  commercial  plant  would  have  a 
capacity  of  3.5  million  SWU  per  year,  with  up  to  10%  enrichment.  In  a letter  dated 
January  27, 2004.  to  the  NRC,  USEC  Inc.  staled  its  intent  to  submit  a license  application 
to  the  NRC  in  August  2004.  for  the  American  Cemrifuge  Plant  (ACP).  lobe  located  in 
Pikcion,  OH. 

Louisiana  Energy  Services  (LES)  submitted  a license  application  on  December 
12. 2003,  to  construct  and  operate  a gas  centrifuge  uranium  enrichment  facility  [10).  The 
LES  panneiship  is  made  up  of  limited  and  general  partners  currently  consisting  of 
Utenco,  Exelon,  Duke  Power,  Entergy,  and  Westlnghouse.  The  partnership  intends  to  use 
Urenco's  sixth-generation  gas  cenuifuge  technology  that  is  currently  being  used  in 


Europe.  Currenrly,  Urcnco  has  a capacity  of  about  IS  percent  of  the  worid's  enriclimcm 
market.  Full  capacity  of  3 inillloii  SWU/yr  la  projected  to  be  in  2010  or  201 1 depending 
on  market  demand.  On  September  2, 2003.  LES  announced  Its  final  site  selection  to  be 
Eunice.  New  Mexico. 

The  gas  centrifuge  method  was  developed  in  Germany  during  the  second  world 
war.  but  the  actual  application  only  started  in  the  SOs  and  60s.  The  advantage  over  the  gas 
diiftision  method  is  that  this  technique  seporaies  isotopes  mote  efficiently  using  less 
energy  (less  units  have  to  be  connected  to  a cascade  to  roach  the  same  enrichment). 
However,  a very  high  technology  is  necessary  to  manufacture  the  machines  (precision 
and  reliable  bearings,  corrosion  resistant  rotating  parts  of  sufficient  endurance).  The  gas 
centrifuge  uranium  enrichment  process  uses  a large  number  of  rotating  cylinders  in  series 
to  enrich  uranium  in  ils  isolope.  These  series  of  cenlriftige  muchines,  called  trains, 
arc  interconnected  to  form  cascades.  The  gas  cenlriluge  is  essentially  a bowl,  in  which 
there  is  a rotor  spinning  round  at  a very  hi^  speed.  The  gas  (UFs)  directed  to  the 
centrifuge  is  forced  to  spin  by  the  rotor.  Due  to  the  centrifugal  fotcc  the  heavier 
molecules  (those  which  contain  wifi  accumulate  near  the  wall  of  the  bowl,  while  the 
lighter  molecules  containing  and  U“’  will  stay  closer  to  the  cemec  ofthcccnuifiige. 
A dilfiision  plant  typically  uses  2,400  kilowatt  hours  per  separative  work  unit 
(kWh/SWU)  while  a modem  centrifuge  plant  requires  40  (o  100  kWh/SWU. 

One  other  source  of  enriched  uranium  is  the  downbicndingofhi^-enriched 
weapons  grade  uranium.  BWX  Technologies  (BWXT)  and  Ihe  U.  S.  Enrichment 
Corporation  have  a comraci  for  BWXT  lodownblend  50  medic  tons  of  high^enriched 
uranium  deemed  excess  to  the  nuclear  weapons  program  [11].  The  downblending  will  be 
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perfornied  over  a six-yeai  period  and  will  produce  low-enriched  uranium  auilable  for  use 
in  light  water  reactors.  The  Nuclear  Regulatory  Commission  (NRC)  staff  received  a 
license  request  on  August  7.2001.  and  a revision  to  that  submittal  dated  DccembeT  18. 
2001 . The  request  was  to  amend  their  license  to  authorize  the  installation  and  ase  of  the 
Metal  DlssolutionFaciliiy(MDF)ibr  the  dissolution  of  high  enriched  uranium  (HEU) 
metal  to  support  BWXTs  downblending  operations.  TheBWXT  raeilily  in  Lynchburg. 
Va,  is  authorized  to  possess  nuclear  materials  for  the  bbrication  and  assembly  of  nuclear 
fuel  components.  The  facility  supports  the  U.S.  naval  reactor  program,  fabricates  research 
and  university  reactor  components,  and  manufactures  compact  reactor  fuel  elements.  The 
facility  also  performs  recovery  of  scrap  uranium.  Research  and  development  activities 
related  to  the  fabrication  of  nuclear  fuel  componems  are  also  conducted.  The  MDF  will 
be  used  to  receive,  store,  and  dissolve  HEU  metal  ranging  from  20  to  97  percent  U^^. 

The  MDF  will  support  other  processing  areas  and  will  be  located  within  the  Bay  I5A 
Material  Access  Area  (MAA).  The  building  is  already  in  place,  so  there  will  be  no  new 
construction  on  the  BWXT  site.  The  purpose  of  the  MDF  is  to  produce  a homogeneous 
uianyl  nittale  solution  with  a uranium  concentration  of  approximately  400  grams/I  iter 
(g/1).  'fhe  first  step  in  the  MDF  is  the  weighing  out  of  an  appropriate  amount  of  HEU  in  a 
charing  basket  in  a venlilaled  glove  box.  The  charging  basket  Is  then  transferred  via  a 
lift  to  a dissolver  digester.  Measured  quantities  of  nitric  acid  and  deionized  water  ore 
added  In  the  dissolver  to  dissolve  the  HEU.  The  resulting  mixture  is  then  heated  to 
ai^roximately  1 80  degrees  Fahrenheit  and  circulated  until  a homogeneous  uranyl  nilrale 
solution  is  made.  This  homogeneous  uranyl  nitrale  solution  is  then  pumped  through 
filters  into  a process  monitoring  column  where  the  solution  is  circulated,  weighed,  and 
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sampled  for  concenlration.  The  solution  is  then  transferred  viaomtumaJly  activated 
pump  tootle  of  five  storage  columns  where  it  is  retained  until  required  for  hlcnding  with 
depleted  or  low  enriched  uranium. 

A second  source  of  enriched  uranium  from  the  downblending  of  high-enriched 
weapons  grade  uranium  will  be  the  Nuclear  Fuels  Services,  Inc.  [NFS)  fitcility  located  in 
Erwin,  Tn[12J.  NFS  is  currently  manufacturing  high-enriched  nuclear  reactor  fuel  at  this 
feclliiy.  NFS  is  constnicting  a new  complex  atlhe  Erwin  site  to  manufacture  low- 
enriched  nuclear  reactor  liiel.  They  also  have  requested  amendments  to  their  license  to 
authorize  activities  associated  with  the  preparation  ofblended  low-enriched  uranium 
(BLEU)  ftom  surplus  highly-enriched  uranium  from  the  U.S.  Department  of  Energy. 
These  activities  would  be  performed  under  a conlmct  with  Tennessee  Valley  Authority 
(TV A)  to  provide  low-enriched  fuel  to  be  used  inTVA’s  Brown's  Ferry  Nuclear  Plant  in 
Alabama.  NFS  has  requested  authorization  to  perform  dissolution  of  highly-enriched 
uraniunValuminum  alloy  and  uranium  melal  and  downblending  of  the  resulting  solution 
into  low-cnriched  uranyl  nitrate  solution,  authorization  to  store  low-enriched  uranyl 
nitrate  solution  in  a new  tank  storage  facility  on  the  NFS  plant  site,  and  authorization  to 
perform  converaion  of  the  low-enriched  uranyl  nitrate  solution  into  uranium  dioxide 

Fuel  Processiug  and  Fabricatiiin 

Currently  there  ore  three  U.S.  tiiel  fabrication  fnclUties  which  are  capable  of 
converting  theUFs  gas  to  solid  U02  (13).  Framatome  ANP  Richland  Division,  Inc, 
(formerly  Siemens  Power  Corporation)  has  its  Engineering  and  Mnnufaciuring  Facility 
located  io  Richland,  Washington.  The  Engineering  and  Manufacturing  Facility  holds  a 
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license  ironi  the  NRC  (SNM-1227:  Docket  No.  70-1257)  aulhoriziog  the  following 
activities:  mamifecture  of  nuclear  fiiel.  Including  ail  operational  steps  from  UF«  to  UO] 
conversion  through  pockaging  finished  fuel  elements  with  uranium  compounds  up  to  5 
wi%  all  operational  steps  of  dry  UFs-lo  UO}  conversion  and  UO2  powder 
preparation  for  uranium  compounds  up  to  5 wt^c  storage  of  a planar  array  of  closed 
containers  of  uranium  oxide  (up  to  5 wt%  pellets  that  are  extertmlly  free  of 
significant  contamination,  unloading  ihim  shipping  containers  and  storage  of  containers 
of  uranium  compounds  up  to  5 wtH  (product,  scrap,  and  waste  materials),  outside 
storage  of  up  to  5 wt%  enriched  UF(  cylinders  (Rill  and  empty),  outside  storage  of 

fuel  (UO2  up  to  S wt%  (J^^)  packed  for  shipment,  artd  UFs  (solid  artd  in  waste  solution 
up  to  5 wt%  cylinder  recertification  activities.  Uranium  is  processed  asing  dry 
conver»on  as  shown  in  Figure  1-4.  The  dry  process  changes  UFs  into  a ceramic  grade 
uranium  dioxidepowdet  in  a single  stage  by  mixing  it  withsieam  and  hydrogen  In  a kiln. 
The  UFs  is  reduced  to  UF<  by  adding  hydrogen  in  great  excess,  then  water  mixes  with  the 
UF4  to  produce  UO2  and  HF.  The  UO2  powder  goes  through  a calciner  and  then  mto  one 
of  two  storage  hoppers.  Two  different  enrichments  Irom  the  stnrage  hoppers  are  mixed 
into  the  blender  to  make  the  required  enrichment.  Ihe  powder  then  Hows  through  a 
harnmermill.  roll  compactor,  quadra  mill  and  then  into  a 45-gaJlon  storage  drum.  The 
storage  drum  is  then  transferred  to  the  pelletizing  area.  The  powder  is  emptied  into  a 
rotary  press  where  it  is  pressed  into  cylindrical  pellets  and  put  into  bools.  The  boats  go 
through  a walking  beam  sintering  Rjmace.  The  pellets  are  then  ground  to  a fmished  size 
using  n grinding  wheel  and  ploced  on  trays.  The  fuel  pellets  ore  shipped  to  Fromalome’s 
Lynchburg  facility  where  they  arc  loaded  Into  zircaloy  tubes  In  which  one  end  plug  has 


b«en  welded.  The  tubes  are  placed  into  a welding  machine  which  is  Hrst  evacua 
bacWniled  wilh  helium  gas.  The  cods  are  welded  shut  and  are  then  placed  in  a vacuum 
chamber  and  tested  for  leaks.  The  cods  are  then  assembled  into  an  assembly,  wilh  grid 
plates,  spacer  grids,  and  lop  nozzles.  The  Engineering  and  Manufacturing  Facility  has  a 
cucreni  operating  capacity  of  approaimaiely  700  metric  lonsHM/yror  1,035  metric  tons 
UF»/yr  and  is  limited  to  possession  of  no  mote  than  25.000  kg  of  in  uranium 
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Wcstinghousc  Electric  Cmnpany  LLC  Columbia  Fuel  Fabrication  Facility  is 
located  in  Columbia,  South  Carolina.  The  Columbia  Fuel  Fabrication  Facility  (CFFF)  is 
primarily  engaged  in  the  majiutacture  of  fuel  assemblies  for  commercial  nuclear  reactors. 
Two  processes  are  installed  at  the  CFFF  for  converting  UFalo  UO3  powder:  the 
ammonium  diuranatefADU)  process  and  the  integrated  dry  route  process  (IDR). 
However,  the  integrated  dry  route  process  has  been  mothballed.  The  CFFF  has  a current 
operating  capacity  of  1,700  metric  tons  UFs/yr  or  1,120  metric  tons  heavy  metal  per 
annum  and  is  limited  to  no  more  then  72,000  kgofU^’  in  any  chemical  and/or  physical 
form  of  uranium  (except  metal)  that  has  been  enriched  to  no  more  than  2 wl%.  The 
CFFF  holds  a license  from  the  U.S.  Nuclear  Regulatory  Commission  (NRC)  (SNM-1 107; 
Docket  No.  70‘l  ]21)authorizing,  among  others,  the  following  activities;  (1)  Low 
enriched  (less  than  or  equal  to  2.0%  by  wei^t)  Is  received  in  the  form  ofUFs.  This 
portion  of  the  plant  receives  the  UFs  comaineis  which  are  stored  outside  of  the  plant  until 
used.  (2)  UFs  is  convened  to  UOi  powder.  In  this  process  the  UFs  conlainers  are  placed 
into  a vaporizer  where  the  UF^  is  sublimed  into  the  process  line  where  it  is  dissolved  in 
H2O  to  form  a UO^F;  solution  which  is  mixed  with  NH4OH  to  form  an  ammonium 
diumnate  (ADD)  slurry.  The  slurry  is  then  centrifuged  to  scparaie  the  ADD  and  the  wet 
ADD  is  then  dried  and  calcined  (dried  at  high  lemperarure)  to  form  DjOs.  Then  it  is 
further  reduced  with  hydrogen  to  form  DO2  powder  which  is  then  milled  and  blended  in 
preparation  for  the  pelletizing  operation.  (3)  The  UOz  pnwder  is  then  pressed  and  sintered 
into  pellets.  (4)  The  pellets  are  loaded  into  fuel  rods  and  sealed.  (2)  The  rods  are  then 
loaded  into  fuel  assemblies.  Figure  I >2  presents  a flow  chart  of  the  ADD  pnsecss  used  by 
Westlnghouse  and  Global  Nuclear  Fuel  for  DFs  conversion  to  DOr. 


Figure  1-5.  ADU  | 
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Global  Nuclear  Fuel  (Formerly  General  Eleclric)  - Americas  (GNF-A).  LLC  is 
located  in  Wilinin^on.  North  Carolina.  The  GNF-A  holds  a license  fratn  theNRC 
(SNM-1097;  Docket  No.  70-1 1 13)  authorizing  itioeouducl  the  following  activities 
among  otheis:  conversion  ofUFsto  uraniiim  oxides  by  the  ADU  process  arid  the  dry 
conversion  process,  operation  of  process  technology  for  the  purpose  of  converting  UFs  to 
UO}  and  other  intermediate  compounds  by  chemical  and  dry  processes,  storage  of 
iinirradioted  fuel  assemblies  and  uranium  compounds  and  mixtures  m areas  arranged 
specifically  for  maintenance  of  criticality  and  radiological  safety,  and  design,  fabrication, 
and  testing  ofiiraniiim  prototype  processing  equipment.  GNF-A  has  a currenl  operating 
capacity  of  1 ,200  metric  tons  HM/yr  (1.775  meuic  tons  UFs/yr)  and  is  limited  to  no  mote 
then  50,000  kg  ofU^^  contained  in  uranium  (in  any  chemical  and/or  physical  form) 
enriched  to  no  more  than  5 M%  The  locatiim  of  GNF-A  os  well  os  the  other  major 
fuel  cycle  facilities  are  shown  in  Figure  1-6. 

When  the  luel  fabrication  facility  is  finished  assembling  the  fuel  assemblies,  they 
are  shipped  to  the  reactor.  Typically,  two  fuel  assemblies  are  stored  In  a unnsporl  cask 
and  are  dipped  by  truck,  with  each  truck  cairylag  6 ca.sks. 

Interim  Storage  and  Final  Dispnsal 

When  the  utility  receives  the  fiesh  fuel  assemblies  they  are  inspected  and  moved 
into  the  spent  fuel  pool  for  temporary  storage  until  they  can  be  placed  into  the  reactor. 
Anywhere  fram  one-fourth  to  one-halfofthe  total  fuel  load  is  removed  horn  Ihc  reactor 
every  12  to  24  months  and  replaced  with  fresh  fuel.  The  spent  fuel  is  placed  into  a spent 
fuel  pool  for  temporary  storage.  The  spent  fuel  pool  must  always  have  the  capacity  to 
offload  the  entire  reactor  core.  The  pool  Isa  concrete  reinforced  structure  designed  to 
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wlihsiand  seismic  events  and  with  a stainless  steel  liner  to  prevent  leakage. 
Approximalely  23  feel  of  water  is  contained  in  the  pool  above  the  level  of  fuel  to  provide 
radiation  shielding.  A typical  cooling  system  has  rwo  pumps  and  two  heat  exchangers. 
Both  the  suction  and  discharge  of  that  system  are  arranged  either  high  in  the  pool  or  with 
some  anti-siphon  features,  so  that  the  water  in  the  pool  cannot  be  drained  out  down  to  the 
level  where  the  fuel  is. 

An  Imponanl  safety  function  of  the  spent  fuel  pool  is  reactivity  control.  This  is 
controlled  by  the  geometry  itself,  separation  of  the  fuel  assemblies  by  analysis  of  the 
reactivity  of  the  individual  fuel  assemblies  and  by  ftxcd  neutron  absorbing  material  which 
in  some  designs  is  attached  to  the  fuel  rack  itself.  Soluble  boron  is  not  used  tu  maintain 
subcrilicality  of  the  fuet  in  the  rock  lutelfbut  it  provides  additional  margin  for  conditions 
such  os  inadvertently  loading  the  fuel  in  on  unexpected  arrangement  or  condition;  for 
example,  ifa  fuel  assembly  were  to  be  dropped  and  be  laying  across  the  top  of  the  racks, 
that  would  be  a more  reactive  configuration,  in  the  past  it  was  necessary  to  show  that  the 
fuel  remained  5 percent  subcritical  with  no  credit  for  boron.  Today,  boron  is  credited  so 
that  the  pool  only  needs  to  remain  subcritical.  It  must  be  shown  that  If  there  was  a loss  of 
boron  in  the  pool,  the  fuel  would  remain  subcritical.  Such  an  event  could  be  caused  by 
pulling  tire  water  or  service  water  or  some  other  water  into  the  spent  fuel  pool. 

A second  option  for  spent  fuei  storage  is  dry  cask  storage.  This  storage  can  be 
used  to  increase  spent  fuel  storage  capacity.  Dry  cask  storage  allows  spent  fuel  that  has 
already  been  cooled  in  the  spent  fuel  pool  for  at  least  one  year,  and  usually  five  lo  ten 
years  to  be  surrounded  by  inert  gas  inside  a container  called  a cask.  The  casks  are 
typically  sicci  cylinders  that  ore  either  welded  or  bolted  closed.  The  steel  cylinder 
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provides  Icak-iighT  containmem  otlhe  spenl  fuel.  Each  cylinder  is  surrounded  by 
addilional  steel,  concrete,  or  other  material  to  provide  radiation  shielding  to  workers  and 
members  of  the  public.  Some  of  the  cask  designs  can  be  used  for  both  storage  and 
transportation. 

There  are  various  dry  storage  cask  system  designs.  With  some  designs,  the  steel 
cylinders  comoining  the  fuel  are  placed  vertically  in  a concrete  vault;  other  designs  orient 
thecylinders  horizontally.  The  concrete  vaults  provide  the  radiation  shielding.  Other  cask 
designs  orient  the  steel  cylinder  vertically  on  a concrete  pad  at  a dry  cask  storage  site  and 
use  both  metal  and  concrete  outer  cylinders  for  radiation  shielding.  The  firnt  dry  storage 
installation  was  licensed  by  the  NRC  in  1986  at  the  Surry  Nueloor  Power  Plant  in 
Virginia.  Spenl  fuel  is  currently  stored  in  dry  cask  systems  ala  growing  number  of 
power  plant  sites  as  shown  in  Figure  1-7.  and  at  an  Interim  ^Mity  located  at  the  Idaho 
Motional  Environmental  and  Engineering  Laboratory  near  Idaho  Falls.  Idaho.  A listing  of 
NRC  approved  designs  for  dry  spenl  fuel  storage  is  shown  bi  Table  1-7. 

The  current  proposed  US  strategy  for  final  disposal  of  spent  nuclear  fuel  is  to 
siorelhespent  fuel  assemblies  in  Yucca  Mountain.  A I mll/kwhrc  fee  is  imposed  on  the 
fuel  while  it  is  being  burned  in  the  reactor  to  pay  for  the  eventual  long  term  storage.  The 
U.S.  Depailmeni  of  Energy's  (DOE's)  high-level  radioactive  waste  repository  is  not 
expected  to  begin  receiving  spent  fuel  umll  approximately  2010,  at  the  earliest. 
Reprocessing  of  spenl  fuel  in  the  United  States  is  not  a viable  ollemalive  at  this  lime 
since  them  are  no  operating  or  planned  commercial  reprocessing  hicllilies  In  the  United 
States.  Thcrafore,  spent  luel  would  have  to  be  shipped  in  an  ovetseas  facility  for 
reprocessing.  However,  this  approach  has  never  been  used  and  it  would  require  approval 


by  the  Dt^aruncnt  of  State : 
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as  well  as  other  entities.  AddiiioRolly.  the  cost  of  spent  fuel 
reprocessing  is  not  oRset  by  the  saivage  vaiue  of  the  residiiai  piutonium  and  uniniuni. 
Thus,  reprocessing  represents  an  added  cost  over  disposai. 
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CHAPTER! 

DETERWrNATlON  OF  CRITICALITY  LIMITS 

In  ihin  report,  the  entire  fuel  cycle  was  studied  and  evaluated  for  effects  of  going 
to  higher  enrichments  for  criticality  safety.  This  criticality  constraint  is  considered  the 
limiting  constmint  for  the  utilization  of  enrichments  greater  then  3‘Wt% 

Traditionally  in  criticality  safety  analysis,  material  conhguralioiis  have  been  considered 
safe  fromacriticality  standpoint  ifthe  predicted  value  oflttii  is  les.s  than  0.95.  Two 
standard  criticality  codes.  MCNP4c2  and  MCNPS.mpi  were  used  [16].  MCNP  is  a 
general-purpose  Monte  Carlo  N-Porticle  code  that  can  be  used  for  neutron,  photon, 
electron,  or  coupled  neutron/^oton/electron  transport,  including  the  capability  to 
calculate  eigenvalues  for  critical  systems.  The  code  treats  an  arbitrary  three-dimensional 
conftguration  of  materials  in  geometric  cells  bounded  by  first-  and  second-degree 
surfaces  and  some  special  fourth-degree  surfaces.  Poinrwiseor  multigroup  cross-section 
data  ore  used.  For  neutrons,  all  reactions  given  in  a particular  cross-  section  evaluation 
(such  as  EhJDF/B-VI)  ore  accounted  for.  Thermal  neutrons  nre  described  by  both  the  free 
gas  and  S(alpha.beta)  models. 

To  carry  out  this  study  criticality  models  of  fuel  processing  equipment,  fuel 
assemblies,  shipping  containers,  and  fuel  storage  were  developed  using  MCNP. 
Enrichments  of  5-wt%  to  20-wt%  in  increments  of  1 wt%  were  examined.  The 
resuiisfrom  these  analyses  were  used  to  assign  economic  penalties  to  each  aspect  of  the 
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nuclear  fuel  cycle  for  increasing  ihe  allowable  wi%  ai  each  increment.  73ie 
economic  penalties  were  assigned  for  restrictions  or  costs  incurred  at  each  point  in  the 
fuel  cycle  in  order  to  mainlain  criticality  safety. 

UFs  3(IB  Shipping  Container 

The  initial  fuel  processing  c^emtion  is  the  enriching  of  the  uranium  cither  in  a 
gaseoas  diffusion  plant  or  a gaseous  centrifuge  plant.  The  uranium  is  processed  as  LIFs 
and  is  stored  and  shipped  to  the  commercial  nuclear  fuel  processing  facilities  as  UFs. 
Commemiol  ^el  fabrication  hiciliiies  typically  receive  UFs  >n  30B  evlinders.  A 30B 
cylinder  has  a nominal  diameter  of  30  inches  and  a nominal  length  ofSI.S  inches  [I7J.  A 
steel  skin  extends  5 inches  from  the  cylinder  head  to  protect  the  cylinder  and  the  valve. 
Only  76  inches  of  the  BI.S  inch  nominol  length  of  the  cylinder  contain  UFs.  For  the 
piuposes  of  this  analysis,  the  cylinder  was  modeled  as  a right  circular  cylinder.  The 
maximum  permissihle  cylinder  fill  weight  of  UFs  is  2.277  kg.  More  material  can  be 
physically  placed  in  the  cylinder  during  filling,  but  adding  material  beyond  this  weight 
limit  Increases  Ihe  possibility  of  hydraulically  rupturing  the  cyiinder  on  subsequent 
rcheming.  During  the  withdrawal  of  UFs.  operating  procedures  require  ihoi  condenser 
pressures  and  temperatures  be  near  those  of  saturated  UFs  >o  assure  that  impurities  am  not 
present.  The  gaseous  diffusion  cascade  consistently  produces  high-purity  UF«  (i.e. 
greater  than  99.5  weight  percent  UFs).  For  nuclear  criticality  safety  purposes,  all 
impurities  are  conservatively  assumed  lobe  HF.  Assuming  that  UFs  is  99.5  pure  weight 
percent  and  that  the  other  0.5  weight  percent  is  HF.  an  H/U  atomic  ratio  of  0.088  is 


obtained. 
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A vvorst  case  scenario  was  modeled  in  which  solid  UFs.  moderaied  by  HF  (at  an 
H/U  ratio  of  0.088)  was  filled  to  the  top  of  the  30B  cylinder  with  a 2 fool  water  reflector 
surrounding  the  cylinder.  Further  models  were  developed  of  an  infinite  array  of  30B 
cylinders,  slacked  one  high  with  interstitial  water  and  a concrete  reflector  to  simulate 
conditions  such  as  min  ora  sprinkler  system.  Various  moderators  consisting  of  air,  water, 
or  water  vapor  of  varying  densities  were  modeled.  Models  were  also  developed  of  an 
infinite  horizontal  array,  stacked  two  high  in  a triangular  pitch,  placed  on  a I A concrete 
slab  and  are  shown  in  Figure  2*  I . 

Figure  2-2  shows  the  results  of  the  infinite  triangular  pilch  array  of  30B 
containers.  The  most  limiting  moderators  were  the  0.2  and  0.3  gfee  vapor  cases.  At  lower 
enrichments  fbelow  1 0 wtV«  U“’)  the  0.2  g/cc  case  is  more  limiting.  At  the  higher 
enrichments  the  0.3  g/cc  case  becomes  more  llmitiog.  These  cases  show  that  the  30B 
container  would  bo  limited  to  carrying  enriched  UFs  of  1 0-wi34  or  iess  of  U“’  which 
would  he  enough  for  the  commercial  gas  centrifuge  uranium  enrichment  the  United 
Stales  Enrichment  Corporarion  (USEC)  pians  to  develop  and  build.  The  results  of  all 
MCNPc2  calculadons  of  models  of  the  30B  container  arc  presented  in  Tables  B-l 
through  B-19  of  Appendix  B. 

Wet  Processing  of  UFs  to  UOj 

Typicol  dimensions  for  plant  processing  equipment,  which  will  ensure  nuclear  criticality 
safety  in  ihc  wet  processing  of  up  to  20  w/o  uranium  regardless  of  the  values  of  any 
other  parameters  in  the  system,  were  modeled.  A pnpe  was  modeled  conservatively  as  a 
cylinder  of  infinite  length.  Further  conservatism  was  introduced  by  assuming  that  the 
pipe  was  surrounded  by  an  annular  thickness  of  1 foot  of  water,  providing  moderation 
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Figure  2- 1.  Side  view  of  irianguiur  pitch  aiTsy  of  UFs  filled  30B  conlamets 


Figure  2-2.  Results  of  MCNP‘lc2  calculations  of  UFs  in  30B  cylinders  in  a trianguiar 
pilch,  completely  filled,  lying  on  a concrete  slab 


iim 
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and  laneclion  of  neutrons  ihal  leak  out  the  side  of  the  pipe.  The  material  assumed  was  a 
homogeneous  slurry  of  UO2  + HjO.  In  a system  wNch  does  not  process  elemental 
uranium,  a slurry  of  uranium  dioxide  provides  maximum  reactivity  [18|.  The  values  of 
k<iiror6.  8.  and  10-Inch  (where  applicable)  diameter  schedule  40ST  SS  piping  of  iniioile 
length  surrounded  by  one  foot  of  water  were  calculated. 

Tables  B-20  through  B-31  of  Appendix  B present  the  cases  analyzed  using 
MCNP4c2.  The  results  show  that  without  moderation  control,  wet  processing  of  UFs  is 
viable  using  standard  8"  diameter  piping  for  enrichments  from  5 to  10-wt%  range. 
Wet  processing  of  enrichments  of  greater  then  IO-wr3k  range  should  limit  all  piping  to 
standard  6”  diameter  piping. 

Dry  Conversion  Processing  of  UFs  to  UOi 
In  the  dry  process.  UFs  is  changed  into  a ceramic  grade  uranium  dioxide  powder 
in  asingle  stage  bymixingil  with  steam  and  hydrogen  in  a kiln.  An  original  KENO 
model  ofthe  kiln  used  at  a vendor  site  was  obtained  (Calvin  Manning,  Framaiome  ANP. 
personal  communication,  March  13,2003).  Using  Uiis  as  a base  model.  MCNP  models 
were  developed.  The  MCNP  models  consisted  of  an  upper  section  of  2. 222  g/cc 
uinnium-watersluiry wiihlhedimensionsofl9.05cmbyM.06cmby  121.92cm.  The 
lower  section  was  1 1.43  cm  by  86.36  cm  by  198.12  cm  and  filled  with  a denser  2.8173 
g/cc  urtinium-waler  slurry.  Both  sections  were  sunounded  by  0.63S  cm  thick  inconel, 
and  placed  into  a "box’'  of  moderator  ofthe  dimensions  49.8  cm  by  135.89  cm  by  331.47 
cm.  Various  moderators  consisting  of  air,  water,  or  water  vapor  of  varying  densities 
were  modeled  in  order  10  determine  the  optimum  moderation.  Insulation  1 3-em  ihiek 
around  the  moderator  was  modeled  as  a 0.3309  g/cc  mixture  of  5 IK  SiOj  and  49K 
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AljOj.  The  results  shown  in  Figure  2-3  and  Tables  B-32  through  B-35  of  Appendix  B 
indicate  that  thecuirent  kiln  would  be  limited  to  approximately  8-wl3i  U’^’.  An  increase 
of  enrichment  beyond  this  point  would  require  replacement  of  the  current  kiln  with  one 
that  possessed  smaller  geometric  dimensions  in  order  to  ensure  crilicality  safety. 


Figure  2-3.  Results  of  MCNP4c2  models  of  a dry  conversion  kiln 
Model  of  the  Calciner 

An  origtrtal  KENO  model  for  the  cnlcincr  Irom  a representative  vendor  (Calvin 
Maiming.  Framatonte  ANP,  personal  communication.  March  1 3. 2003)  was  obtained  and 
an  MCNP  model  was  developed  using  5-wt%  Itid  and  an  accident  situation  with 
water  moderator.  The  calciner  was  modeled  as  a cylinder  61 8 cm  in  length  with  a radius 
of  12.7  cm  containing  a 2.816  g/ec  uranium-wrUcr  slurry.  The  calciner  wall  was 
composed  of  7.87  g/cc  carbon  steel  and  was  1 .27  cm  thick.  The  cylinder  was  surround 
by  a 48.26  cm  by  48.26  cm  by  618  cm  shroud,  the  upper  half  of  which  was  filled  with  air 
and  the  lower  half  modeled  as  a 2.222  g/cc  uranium-water  slurry.  Two  7.62  cm  thick 
heaters  were  modeled  on  the  front  and  back  of  the  calciner  and  were  composed  of  0.1281 


g/cc  mixiureof  51%  SiOj  and  49%  AljOj.  This  same  mixture  al  a density  of  0.0961  g/cc 


was  used  in  the  model  as  the  15.875  cm  thick  insulation  around  the  calcincr.  An 
additional  30  cm  of  moderator  was  added  to  simulate  accident  conditions.  No  further 
models  were  developed  as  this  case  showed  that  the  current  calciner  was  at  the  0.95  k«n 
limit  under  accident  conditions.  This  limitation  was  confirmed  with  discussions  with  the 
calciner  manuraclurer  (D.  Dahlstrom.  ALSTOM,  personal  communication.  May  21. 
2004)  and  it  is  concluded  that  the  caleiner  would  have  to  replaced  with  another  model 
with  a smaller  diameter  (8  or  9 inches  as  opposed  to  the  current  diameter  of  10  Inches)  to 
ensure  criticality  safely. 

45>GalloD  VOi  Powder  Storage  Drums 
Once  the  UOj  is  converted  to  powder  it  is  typically  stored  in  45-gallon  containem 
until  it  is  used  to  form  pellets.  These  drums  arc  modeled  as  a cylinder  with  an  inner 
radius  of  28.575  cm.  a height  of  66.038  cm  and  with  0.1651  cm  thick  stainless  steel 
walls,  bottom,  and  lid  (Calvin  Manning,  Pramatome  ANP.  personal  communication, 
March  13,  2003).  The  powder  in  the  barrels  was  assumed  to  be  composed  of  4.0  g/cc 
UOsand  0.2105  g/cc  water.  Models  were  developed  of  a single  barrel  completely  filled 
wilh  powder  and  refiecled  on  all  sides  by  water  at  20  ‘C.  Additional  models  were 
developed  of  on  infinite  array  of  these  barrels  of  one  vendor  design  containing  two  rings 
of  8 HiBOj  poison  rods  wilh  one  poison  rod  in  the  center  and  is  shown  in  Figure  2-4.  The 
poison  rods  were  2.3114  cm  in  radius,  with  0.0635  cm  thick  ait  gap  inside  a 0.1651  cm 
thick  steel  clad.  Various  moderator  ratios  consisting  of  air.  water,  or  water  vapor  of 
varying  densities  were  modeled  in  order  to  define  the  optimum  moderation. 
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The  results  of  the  infinite  orrayof  UOj  filled  4S-gallon  contoJnets  ore  shown  in 
Figure  2<5.  The  most  limiting  moderator  was  the  0.3  g/cc  vaporca.se.  These  cases  show 
that  the  current  43-gallon  container  would  be  limited  to  enriched  UFs  of  I l-wi%  or  less 
of  U“  which  is  sufficient  for  the  USEC  eommereial  gas  centrifuge  uranium  enrichment 
facility.  The  results  of  the  MCNPc2  calculations  of  models  of  the  43-gallon  containers 
ore  presented  in  Tables  B-36  through  B-42  of  Appendix  B. 


Molybdenum  Pellet  Bitats  and  Slurage  Shelves 
Once  the  UOj  powder  Is  formed  into  pellets,  they  are  placed  into  molybdenum  boats  and 
go  through  a sintering  furnace.  Aflerwanls  the  boats  are  typically  placed  on  stainless 
steel  shelves.  An  original  KENO  model  of  the  molybdenum  boats  used  by  a 
representative  vendor  was  obtained  (Calvin  Manning,  Fiamatcme  ANP.  personal 
communication.  May  27.  2003).  Using  this  os  a base  model.  MCNP  models  were 
developed.  The  first  models  developed  were  single  boats  filled  with  UO- pellets  and 
water  at  20  °C.  Two  sets  orcriticaJIly  models  were  developed  to  bound  ihcpolcmial  U/H 


Figure  2-5.  Results  of  MCNP4c2  models  of  inllniie  airay  ofUOj  filled  45-gallon 


ralio.  One  SCI  assumed  9.3%u;aier  and  90.754  lIOj  by  volume,  the  maximum  amounl  of 
UOs  that  would  be  able  to  be  pul  into  a boat  assuming  cylindrical  pellets.  The  2'*’ set  of 
models  assumed  a 2 to  1 ratio  of  water  to  UO].  Results  show  that  the  2°^  set  of  models 
was  more  limiting  for  the  single  boat  cose.  Next,  a model  wa.s  developed  using  a 2 to  I 
ratio  of  water  to  UOi  of  an  infinite  stray  ofboats  slacked  one  high  on  a ‘/•inch  stainless 
steel  shelf,  with  I foot  of  water  or  water  vapor  moderator  on  all  sides,  with  reflective 
boundaries.  The  results  shown  in  Figure  2-6  and  in  Tables  B-43  through  B-47  indicate 
that  the  boots  would  be  limiutd  to  approximately  l2-wt%U“*.  This  is  greater  than  the 
10-wi%  limit  of  the  USEC  commercial  gascentrifitge  uranium  enrichment  in 
development. 
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Figure  2>6.  Rcsulle  otMCNP4c2  calculations  for  molybdenum  pellet  boats 
Single  Assembly  Models 

After  the  UO3  powder  is  Formed  into  pellets,  these  pellets  arc  loaded  into  rods  and  formed 
into  assemblies.  MCKP  decks  of  single  ISxIS  and  17x17  fuel  assemblies  were 
developed.  For  both  assembly  types  the  maximtim  theoretical  UO:  density  of  10.96  g/cc 
was  used.  For  the  ISxIS  assembly,  the  fuel  pin  outer  diameter  was  assumed  to  be  0.3622 
inches,  with  an  inner  clad  diameter  of  0.37  inches,  outer  clad  diameter  of  0.414  inches, 
and  a pin  pilch  of  0.568  incites  [19},  The  17x17  assembly  was  modeled  with  a fuel  pin 
diameter  of  0.3252  inches,  inner  clad  diameter  of  0.331  iiKhes.  an  outer  clad  diameter  of 
0.372  Inches,  and  a pin  pitch  ofO.502  inches.  Both  models  used  an  active  fuel  length  of 
144  inches  and  eovdoped  the  single  assemblies  insides  right  circular  cylinder  of  20  C 
water  with  a radius  of  19.91  inches  and  a heijdit  of  199.75  inches.  In  single  assembly 
runs  it  was  shown  that  the  I Sal  5 as.scmbly  is  slightly  more  reactive  then  the  17x17 
assembly  so  all  later  models  used  the  1 5x  1 5 assembly.  Further  models  were  developed 
with  addition  of  stainless  steel  rods  or  BPRAs  placed  in  Ihe  guide  lubes.  Single  assembly 


42 

runs  showihal  assemblies  must  have  some  sort  of  moderation  control  above 
This  would  require  either  the  addition  of  steel  rods.  BPRAs.  or  some  other  absorber  when 
the  assembly  Is  constructed,  durinu  transportation,  and  placement  into  the  spent  fuel  pool. 
As  shown  in  Figure  2-7.  the  addition  of  steel  rods  would  allow  enrichments  up  to 
approximately  6.d-wt%U^’  and  BPRAs  would  increase  that  limit  to  approximately  12- 
wt%U“’.  The  results  of  all  MCNPS.mpi  calculations  of  models  of  single  assembly 
models  are  presented  in  Tables  B-4!l  through  B-dO  of  Appendix  B. 


Figure  2-7.  Results  DfMCNP4c2  models  of  a single  lSxl5  assembly  in  water  at  20 ’C 
Fresh  Fuel  Shipping  Casks 

The  assemblies  arc  then  shipped  from  a vendor  to  the  nuclear  plants  in  shipping 
casks.  Using  the  licensed  specifications  of  the  Model  B package  (19,  Larry  Hasslcr. 
Framaiome  ANP,  personal  communication,  January  27. 2004)  infinite  arrays  of  shining 
casks  were  modeled.  These  casks  were  modeled  as  a cylinder  with  on  inner  radius  of 
S0.574  cm,  a height  of  507.367  cm  and  with  0.3 1 75  cm  thick  stainless  steel  walls, 
bottom,  and  lid.  Two  assemblies  were  placed  In  the  center  of  the  barrel  on  a steel  plate. 
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wilh  two  borsled  sleel  plates  separating  Uiem.  The  distance  belweeiuhe  two  boialed 
steel  plates  is  S,87cm.  Tlie  casks  were  reflected  on  four  sides  with  60.96  cm  of  water 
above  and  below  the  casks.  This  model  is  shown  in  Figure  2-8.  In  single  assembly  runs  it 
was  shown  that  the  ISx15  assembly  Is  slightly  more  reactive  then  the  17x17  assembly  so 
all  cask  models  used  the  iSxlS  assembly.  Various  moderator  rarios  consisting  of  air, 
water,  or  water  vapor  of  varying  densities  were  modeled  in  Older  to  define  the  optimum 
modetation.  The  results  of  the  infinite  array  of  shipping  coniaincrs  are  shown  in  Figure 
2-9.  The  moR  limiting  moderator  was  the  water  at  20^  case.  These  cases  show  dial  the 
selecledcask  would  be  limited  to  enriched  UOr  of  6-wi9k  or  less  ofU^’.  In  addition, 
models  were  developed  with  slainless  steel  rods  or  BPRAs  placed  In  the  guide  tubes.  The 
results  of  these  tuns,  shown  in  Figure  2-10,  Indicate  that  the  addition  ofsieel  rods  wouid 
allow  shipping  offiiel  enriched  up  lo  8-wt%  U“’ and  BPRAs  would  increase  lhal  iimit 
up  to  IS-wl%  The  steel  plate  supporting  iho  two  assemblies  and  the  two  boraied 
plates  separating  them  allow  fora  less  critical  siluation  then  one  assembly  by  itself  with 
no  poison  material.  The  results  of  all  MCNPd.mpi  calculations  of  models  of  the  Model  B 
assembly  shipping  container  are  presented  in  Tables  B-SI  through  B-59  of  Appendix  B. 

Spent  Fuel  Pool 

A typical  spent  fuel  pool  limiting  configuration  for  fresh  fuel  bundles  |20]  was  modeled 
as  shown  in  Figure  2-11.  The  ftesh  tiiel  locations,  shown  in  grey,  are  modeled  as  the 
ISxl5  assemblies  in  the  previous  report.  Each  assembly  location  is  surrounded  by 
0.2921  cm  of  water,  in  a 0.1 90S  cm  thick  steel  sheath.  Each  sheath  is  separated  by  3.429 
emorwtuer.  The  entire  spent  fuel  pool  rack  was  surrounded  by  60.96  cm  of  water.  Two 
criteria  are  typically  used  in  a criticality  safely  analysis  for  the  spent  fuel  pool.  The  first 
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I infinite  array  of  15x15  assembly  a 


wt*U“ 


Figure  2-9.  ResulB  of  MCNP4c2  models  of  infiniio  array  of  15x15  assembly 


45 


Figure  2-10.  Resulle  ofMCNP4c2  models  of  infinite  array  of  15x15  assembly  shipping 
containers  in  water  at  20  °C,  with  BPRA.  steel,  and  no  rods 

isdiauhekdrmuslbe  less  then  1.0  with  no  soluble  boroa  The  second  is  that  k<ri  musl 
be  less  then  0.95  with  soluble  boron.  The  spent  fuel  pool  was  modeled  with  and  without 
500  boron  and  also  with  and  without  the  addition  of  BPRAs  in  the  fiesh  fuel 
assemblies.  The  results  of  the  spent  fuel  pool  calculations  are  shown  in  Figure  2-12  and 
Tables  B-260  through  B-263  of  Appendix  B.  For  the  I**  criterion,  the  spent  fuel  pool 
would  be  Iimilcdlo8-wt%u“’orlesswithoul  the  use  of  BPRAs.  The  2“"  criterion 
limits  the  pool  to  9.5-wt%Ll“’  or  less.  The  addition  of  BPRAs  would  increase  the 
limits  of  both  criteria  to  20-wtyj  U”’. 


r2-12.  Results  of  MCNPS.mpi  models  of  a spent  fuel  pool 
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CHAPTER  3 

BATCH  AND  BURNUP  CALCULATIONS  FOR  SPECIRC  CYCLE  LENGTHS 
CASMO-3  and  CASFIND-6  Codes 

In  order  to  develop  a model  lo  be  used  to  etiaminc  the  feasibility  and  the  cost  impact 
of  increasing  fuel  enrichmems  in  the  range  of  5 to  10  wt%U’^®,  bumup  and  batch  sizes 
for  each  enrichment  and  cycle  length  must  be  calculated.  These  variables  are  used  in 
determining  the  final  fuel  cycle  costs.  A batch  is  a group  of  assemblies,  composed  of  the 
same  fuel  type  and  enrichmem.  entering  and  leaving  the  reactor  at  the  same  lime.  Bumup 
is  the  power  pmduced  per  amount  of  fuel  used  and  for  the  purpose  of  this  analysis  is 
expressed  as  gigawatt-days  per  metric  ton  of  uranium  (CWd/ralU). 

Discharge  bumups  for  the  various  fuel  cycles  were  dcieimined  using  Ihe 
CASMO-3  and  CASFiND-6  codes.  CASMO-3  is  a two-dimensional  transport  theory 
code  used  for  bumup  calculations  on  BWR  and  PWR  ftjel  assemblies  {21).  CASMO-3 
caJeuiates  Ihe  two-dimensional  neutron  and  gamma  flux  distributions  and  Isotopic 

models.  The  program  calculates  the  nuclear  properties  of  the  fuel  in  the  core  in  order  lo 
generate  neutronics  data  banks  to  be  used  by  three-dimensional  core  simulators. 

inventoiy  in  depleted  fiiel. 


47 


48 

ThcCASFIND*6  code  was  dcvcEopcd  by  Mr-  M.  Waters  as  pan  of  his  research 
woricalihoUniversity  of  Florida.  CASFtND-6  was  written  in  FORTRAN-77  and  ho-s 
been  designed  to  ettuacl  information  from  CASMO-3  outputs  and  to  perform  various 
calculations  to  deteminc  discharge  bumups.  the  time  fuel  is  in  core,  isotopic  wt%  of 
spent  luel,  and  fuel  cycle  costs.  The  program  utilizes  a subroutine  that  uses  the  Least 
Mean  Squares  Method  to  determine  the  quodralic  equation  thal  represents  the  behavior  of 
ktffvs.  bumup.  The  method  of  Least  Mean  Squares  slates  thal  the  line  represented  by  the 
equation  should  be  fitted  through  the  given  points  so  that  the  sum  of  the  squares  of  the 
distances  of  those  points  from  the  line  is  a minimum  [22].  The  following  equation  [23]  is 

minimize  over  ai.. 8m:  (3-1) 

The  model  used  to  represent  the  relationship  of  k«(r  vs.  bumup  is  a quadradc  equation  of 
the  form: 

k.rr  = a.  + ai*B  + aj*B=  (3-2) 
where  ao,  at.  and  at  are  weighting  functions  and  B is  the  bumup. 

Three  equations  are  generated  by  selling  the  first  derivative  equal  to  zero  with 
respect  to  the  weights.  These  three  equations  are  then  solved  with  Cramers  rule  to 
determine  the  coeRicienls  a«  ai,  and  O],  fhe  discharge  bumup  is  then  calculated  using 
the  filled  equation. 

Batch  and  Bumup  Results 

Atypical  17x17  PWR  assembly  with  varying  enrichments  from  5.0  to  tO.OJAU^® 
was  modeled  and  entered  into  CASMO-3.  The  outputs  from  CASMO-3  were  entered 
into  CASFIND-6  to  determine  core  bumups  and  cycle  lengths  for  the  ftiel.  CASFTND-6 
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oniy  determines  the  bumup  and  cycle  length  for  a whole  number  of  batches.  The  bumup 
and  cycle  times  were  determined  for  the  varying  enrichments  and  are  presented  in 
Figures  3-1  and  3-2.  These  data  were  entered  into  EXCEL  and  linear  interpolation  was 
used  to  determine  the  number  of  batches  required  and  the  corresponding  bumup.  Two 
sets  of  outage  lengths  were  used,  a 1 3-day  outage  length,  typical  of  Exelon  outages  and  a 
30-day  outage,  which  is  the  current  average.  All  PWR's  in  the  United  Slates  are 
currendy  either  using  the  18  or  24-month  cycle.  The  shutdown  time  is  determined  to 
coincide  with  the  replacement  power  costs  being  the  cheapest.  Data  were  calculated  for 
the  12, 18. 24, 3D,  36.  and  42  month  cycles.  The  cycle  length  includes  the  outage  lime. 
The  results  of  these  calculations  are  presented  in  Figures  3-1  and  3-2  and  in  Appendix  D 
in  Tables  D-l  through  D-4.  These  results  will  be  used  to  delerminc  firel  cycle  costs. 


Figure  3-1.  Cycle  length  vs.  number  of  batches  results  Irora  CASMO-3  and  CASFIND-6 
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CHAPTER  4 

ECONOMIC  MODEL  OF  THE  NUCLEAR  FUEL  CYCLE 
Overview  DrEcnnomic  Model 

In  order  for  increased  enrichmcnls  to  be  cconoinically  feasible,  the  increased  costs 
due  to  licensing,  modification  and  replacctneitl  of  equipment  due  to  criticality  issues  must 
not  outweigh  the  polenlial  cost  savings  from  higher  bumups.  smaller  batch  sizes,  and 
construction  of  fewer  dry  cask  storage  units.  The  effects  of  potential  variations  in 
individual  fuel  cycle  costs  on  potential  cost  savings  or  losses  must  be  examined.  An 
economic  model  was  developed  to  determine  fcasiWlity  and  the  cost  impaei  of  increasing 
fuel  enrichments  in  the  range  of  5 to  IO-wl%  under  a base  set  of  conditions.  The 
model  has  the  capability  of  varying  the  individual  fuel  cycle  costs  to  determine  not  only 
if  increasing  enrichment  is  viable  under  current  economic  conditions,  but  also  under  any 
combination  of  Increases  or  decreases  of  individual  fuel  cycle  costs  or  interest  rates. 

The  (iicl  cycle  costs  included  the  following:  1 1 The  natural  uranium  feed  charges.  2)  the 
conversion  charge,  3)  the  separative  work  charge,  4)  the  fabrication  charge,  which 
includes  a charge  for  the  inclusion  of  stainless  steel  rods  in  the  guide  thimbles  at 
enrichments  greater  then  5-vvt%  and  the  replacememof  the  steel  rods  with  BPRAs  at 
enrichments  greater  then  6.5-wt%.  5)  a charge  for  replacement  of  the  calciner  at 
enriehraenis  greater  the  5-wi%  and  the  replacement  of  the  dry  conversion  kiln  at 


enrichments  greater  then  8-wt%.  both  replacements  are  required  due  to  criticolitv  issues 
documented  in  Chapter  2. 6)  a cost  penalty  for  licensing  the  30B  container,  the 


fabricaiion  fecility.  and  ihe  spent  fuel  pool  Tor  enrichments  greater  then  5-wl%  fuel, 


7)  the  cost  of  licensing  the  reload  fuel  report.  8)  an  iiKore  capital  use  charge,  9}  a 
charge  for  Ihe  construction  of  dry  cask  storage  tmits  for  spent  fuel  essemblles,  10)  the 
current  1 fee  for  final  fuel  disposal  cost,  and  1 1 ) replacement  power  and 

maintenance  costs  during  outage  times. 

Start  Cast  Caleulations 

The  Stan  (froni.cnd)  cost  (5c)  includes  the  cost  of  the  ore,  conversion,  enrichment, 
fabrication  (including  a cost  penally  associated  with  the  addition  of  stainless  steel  or 
burnable  poison  rods  to  offset  criticality  issues  of  assemblies  with  greater  then  5-wt% 
fuel),  the  costs  of  new  equipment  and  licensing  for  higher  enrichments  at  the 
fabncalion  facility,  and  the  cost  of  reload  licensing.  Ihe  natural  uranium  base  feed  cost 
was  set  to  MO  per  kilogram  of  uranium  124).  The  toiaJ  uranium  feed  charge  (Tt/fC)  in 
• was  calculated  as  shown  in  Equation  4-1. 


/(is  the  fabrication  loss  (0.015),  Cj  is  the  uranium  conversion  loss  (0.005),  is  the 
desired  enrichment,  u,  is  the  tails  enrichment  (0.0025),  u/is  the  feed  enrichment 
(0.0071 1 ),  FP  is  the  price  of  the  feed  in  dollais  per  kilogram,  /I  is  the  interest  rate  used  to 
purchase  the  fuel,  Upy  is  the  payment  schedule  for  the  ore  (24  months  is  assumed).  OL  is 
the  outage  length  in  days  (30  days  is  lusumed  for  both  the  1 8 and  24-momh  cycle).  Cu  is 
the  cycle  length  in  days,  brn  is  the  butnup  in  GWd/mlU  and  an  clTlciency  iej)  of  0.33 
was  assumed. 


Ilie  initial  price  Tor  uranium  conversion  was  set  at  $7  per  kilogram  of  uranium 
[25|.  The  conversion  charge  (CO  in  was  calculated  as  shown  in  Equation  4-2. 


C/*  is  the  pries  of  the  conversion  in  dol  lore  per  kilogram  and  Cpyis  the  payment  schedule 
for  the  conversion,  assumed  to  be  1 8 months. 

The  base  cost  of  a separative  work  unit  (SWU)  was  set  to  SI  10  per  SWU  |26]. 
The  number  ofSWUs  needed  for  the  desired  enrichment  per  kilogram  of  product  was 
calculated  as  shown  in  Equation  4-3  [3]. 


«-‘is  the  number  of  kilograms  of  uranium  in  the  waste  stream  (Utils).  Pis  the  number  of 
kilogramsof  enriched  product,  and  f is  the  number  of  kilograms  of  feed  material.  The 
quantities  fpr^  are  known  as  separation  potentials  and  are  calculated  as  shown  in 
Equation  4-4. 


Once  the  number  of  SWUs  was  determined,  the  enrichment  charge  (EC)  in - was 


SH'U  = V(x,)-.jVix.)-yV(rj)  (4-3) 


k’(x,)  = (2-»,-l)ln(^)  (4-4) 


calculated  as  shown  in  Equation  4-5. 
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5Ci9  ihe  cost  per  SWU  and  ihe  pa^menl  schedule  for  ihe  enhchmeni  {Epy}  was  assumed 
10  be  12  TDomhs. 

A base  cost  of  250  dollars  per  kilogram  (J.  Malone,  Exelon,  personal 
communication,  April.  2003)  was  assigned  for  fabrication  (FBC).  An  additional  charge 
of  S3. 64  (multiplied  by  0.5)  per  kilogram  was  included  for  enrichments  greater  then  3* 
wt%  up  to  and  including  6.S>wt5^  for  Ihe  inclusion  of  stainless  steel  rods  in  half  of  the 
assemblies  in  order  to  ship  and  store  fuel  assemblies.  For  all  enrichments  there  was  an 
inclusion  of  528.79  per  kilogram  for  the  additional  cost  of  BPRAs  for  half  of  the 
assemblies  in  a botch  (R.  Szollosy.  Southern  Nuclear  Operating  Company,  personal 
communication,  April  12, 2004).  This  charge  wiet  iixreosed  to  S57.56  per  kilogram  and 
the  S3.64  per  kilogram  dropped  for  enrichments  greater  then  6.5‘Wt55  due  to  the  need  to 
replace  the  steel  rods  with  BPRAs  in  all  the  assemblies  for  criticality  limitations 
discussed  in  Chapter  2 in  Ihe  fabrication,  shipmenr,  and  storage  of  new  assemblies.  The 
hrbrication  charge  (FC)  in  was  calculated  as  shown  in  Equation  4.6. 


FC  = Fac  (l+-)"’  (l-— ) ( 


'24-6i 


■>jr 


(4-6) 


A payment  schedule  for  the  fabrication  (Fpy)  of  6 months  was  assumed. 

The  model  utilized  the  dry  fabrication  process  typified  by  the  Richland  plant  of 
ArevarTramatome-ANP.  There  is  little  incentive  fora  fuel  fabricator  to  encourage 
utilities  to  increase  enrichments.  Greater  enrichments  require  smaller  hAich  sizes  and 
thus  fewer  assemblies  to  be  built.  Going  bom  5-wt^  to  6-wi%  fora  utility  using  a two 
year  cycle  could  result  in  a 3355  leduclion  in  the  number  of  fuel  assemblies  purchased. 
Weslinghouse,  which  holds  the  majority  of  PWR  fuel  fabrication  contracts  in  the  United 


I wti  process  to  cooven  the  UFsgas  to  powder.  For  Westinghouse  to 


increase  enrichment  would  require  either  immediate  replacement  of  much  of  the  piping  or 
scrapping  the  wet  process  altogether  and  going  to  the  simpler,  one  step  process  by  the 
purchase  of  a dry  conveition  kiln.  It  is  probable  that  any  consortium  of  utilities  that 
contracted  Westinghouse  to  go  to  higher  enrichments  would  be  expected  to  carry  the 
linancial  burden  for  the  cleanup  and  disposal  ofihe  wet  processing  equipment. 
ArevaiFramaiome-ANP'sdry  convenion  process  does  not  appear  to  require  any  major 
equipment  changes  until  the  required  enrichment  is  greater  then  8-wrt4,  then  thmr  current 
dry  conversion  kiln  would  hove  to  be  replaced.  Since  Framalome  has  a much  smaller 
fraction  of  the  PWR  fiiel  fabrication  comrocls.  not  only  is  far  more  likely  they  would  be 
willing  to  undergo  the  financial  risk  of  investing  in  any  modifications  and  licensing  costs 
for  the  fabrication  of  greater  then  5-wi%U*”  fuel  in  telum  for  additional  fuel  fabrication 
contracts,  but  it  is  probable  that  the  pricing  of  these  comrucls  would  be  more  competitive. 

The  total  cost  to  the  fabrication  facility  {Tsu)  for  the  equipment  upgrade  was 
calculated  as  shown  In  Equation  4-7. 

r„,  =£[/•(! -tji)"’  (4-7) 

£C7ts  (he  base  cost  of  equipment  replacement.  fl  is  the  interest  rate  the  fabrication  plant 
uses  on  the  loan  token  out  to  pay  for  the  upgrades  andy  is  the  number  of  years  a loon  is 
taken  out  to  repay  for  these  costs.  The  base  inlorcst  rate  used  was  16%  (in  order  to 
include  a profit  for  the  fabrication  company)  and  the  number  of  years  was  set  to  S.  A 
base  cost  ofS350.000  for  replacement  of  the  calcinctfD.  Dahlstrom,  ALSTOM,  personal 
communication,  May  21,  2004)  was  included  at  enrichments  greater  then  5-wt%  l)^*and 
$500,000  was  charged  for  replacement  ofihe  dry  conversion  kiln  at  enrichments  greater 


lh«i  8>wi%.  The  charge  lo  the  utilities  for  the  equipment  replacement  (Ceu)  in 


was  calculated  as  shown  In  Equation  4-8. 


C(  is  the  cycle  length.*  is  the  number  of  batches,  m is  the  number  of  months  the 
assemblies  are  ordered  before  they  are  used,  cw  is  the  amount  of  fuel  in  the  core  and  «. 
is  the  number  of  power  plants  involved  in  the  upgrades.  This  charge  would  be  typically 
on  the  order  of  .01%  of  the  fuel  cycle  cost.  An  additional  cost  ofSI  2 million  in  order  to 
clean  up  Weslinghouse's  wet  proces.slng  facility  and  switch  over  to  a dry  process  |18| 
would  still  represent  only  0.4%  of  the  total  fuel  cycle  cost. 

The  total  cost  to  the  facility  (Tea)  for  licensing  the  30B  containers  for  enrichments 
greater  then  5-wt%  was  calculated  as  shown  in  Equation  4-9. 

r„  = /.B.(l  + }i)’‘'  (4-9) 

ifl,  the  sum  of  the  licensing  costs,  was  calculated  lo  be  SI  58.700.  The  base  inlercsl  rale 
used  was  1 6%  (to  include  profit  for  the  enrichment  plant  licensing  the  containers)  and  the 
number  of  years  was  SCI  10  S.  A breahdawn  of  the  licensing  and  review  casts  is  given  in 
Table  4-1  andTable  4-2  [18]. 


Table  4-1.  Cost  estimates  for  licensing  of  the  30B  container  for  greater  than  5-wt% 
fuel- 
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Table  4-2.  Cosl  estimates  for  a 3 person  NRC  review  oftheSOB  container  for  greater 
than  5-wi%  fuel. 


The  charge  to  the  utilities  for  licensing  the  30B  containers  for  enrichments  greater  then  5- 


wrt4(Cu)in  7^^^  was  calculated  as  shown  in  Equation  4-10. 


The  payment  schedule  for  the  licensing  (LBfy)  fur  the  base  model  was  assumed  to  be  at 
the  time  the  enriched  UFs  was  to  be  ordered,  which  is  1 2 months.  The  base  model 
assumes  the  30B  container  is  licensed  by  USEC  during  the  construction  of  their  gas 
centrifuge  plant  and  the  cost  is  passed  on  to  the  utilities.  In  the  case  in  which  the  utilities 
do  not  bear  the  burden.  Tu  would  be  set  to  0.  If  the  fuel  fabricator  bears  the  burden  of 
reliccnsingthe  30B  containers  and  must  pass  Ihrou^  this  cost,  would  be  set  to  6 
months.  Thischarge  wouldbetypically  on  theorder  of.OlWof  the  liiel  cycle  cost. 

The  total  cost  to  the  fabrication  facility  for  the  licensing  costs  to 
process  fuel  enrichments  greater  then  5-wl5i  was  calculated  as  shown  in  Equation  4-1 1 , 


rj,  = /,F(l  + H)’'’  (4-11) 

the  sum  of  the  licensing  costs,  was  calculated  to  be  S472.800.  The  base  interest  rate. 
i2.  used  was  16%  and  the  number  of  years  was  set  to  5.  A breakdown  of  the  licensing 
and  review  costs  are  given  in  Tabic  4-3  and  Table  4-4  [1 8|. 


Table  4-3.  Cosi  esiimates  for  licensing  of  a fuel  fabrication  facility  lo  process  greater 
than  S-wt%  fuel. 


Table  4-4.  Cost  estimates  for  four  visits  of  a 3 person  NRC  review  ofa  fuel  fabrication 
plant  to  process  greater  than  i-wt%  fiiel. 


The  charge  to  the  utilities  for  licensing  the  fabrication  facility  for  enrichmcnls  gntaicr 
then  5-wt%  (Ctr)  in  ■■  was  calculated  as  shown  in  Equation  4-12. 


‘ ) (4.12) 

y-fw".  Cu  v-bmeff 

This  charge  is  typically  on  the  order  of -02  to  0.03%  of  the  fuel  cycle  cost. 

The  reload  licensing  cost  (ft)  in  was  calculated  as  shown  in  Equation  4- 

13. 


Ai- 


ft=  — 


'‘■‘■"•iiL 


24  • hrn  • eff 

Ale  is  the  base  cost  of  reload  licensing,  which  was  set  to  I million  dollars  (J.  Malone. 
Exelon,  personal  communication.  April,  2003).  The  start  (front-end)  cost  (St)  was  then 


calculated  as  shown  in  Equation  4-14. 


■EC  + FC*C^*C^->-C^*R,  (4-1 4) 


■c = ((/a  • (1 + §r- - f • (f  • (i  ♦ #r‘ - f-)»  • 


sfa  spent  fnel  pool  i 


Table  4-S.  Cost  esilniales 


fiD/"is  the  base  Bovemmem  charge  to  utilities  of  1 for  the  final  disposal  of 

nuclear  fuel  [27],  The  diy  cask  storage  cost  (DCSQ  was  calculated  as  shown  in  Equation 


,4j,| 

24-eff(irn  C„ 

A recent  cotin  case  indicates  that  the  diy  cask  storage  charges  may  be  picked  up  by  the 
Department  of  Energy.  This  decision  would  transfer  the  cost  savings  from  Equation  4-1 B 
to  the  Department  of  Energy. 

Replaccmeot  Power  and  Fuel  Cycle  Cost  Calculations 
The  replacement  power  (DP)  io  kW  hre  needed  during  the  outage  was  calculated 
as  shown  in  Equation  4-19. 


HP  = TPeff-2*OL\000  (4-19) 
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TP  is  ihe  ihennal  power,  modeled  as  3030.3  MW^,  and  OL  is  ihe  outage  length  in  days, 
which  was  assigned  base  values  of  15  and  30  days  128|.  The  labor  costs  ILC)  in  mils 
during  an  outage  was  calculated  as  shown  In  Equation  4-20. 

LC  = CPDOL  - 1000  (4-20) 


CPD  is  the  cost  per  day  and  was  assigned  a base  value  of  $666,670  (J.  Malone.  Exelon, 
personal  communication.  April.  2003).  The  outage  cost  (OC)  in  iscalculaied  as 

shown  in  equation  4-21. 


OC  = i 


RPRPC  + LC  OL 
' TP  ''^Cy 


(4-21) 


RPC  is  the  replacement  power  cost,  which  is  set  at  25  . The  fuel  cycle  cost 

(FCQ  in  is  calculated  as  shown  in  Equation  4-22. 


FCC  = S,  + /CC*SL,  + DF-t^DCSC*OC  (4-22) 


CHAPTER  5 

RESULTS  AND  DISCUSSION 
Base  Model  Caae 

For  the  base  inodel  case  with  a IS'day  outage,  the  minimum  Riel  cycle  cost  is  at 

4.5- wt%  for  the  1 2-month  cycle.  6.0- wtW  for  the  1 8-momh  cycle,  6.5-wt%  for  the  24- 
momh  cycle,  7.5-wtVo  for  the  30-monlh  cycle,  B.D-wlVi  for  the  36-month  cycle,  and  9.0- 
wt34  for  the  42-month  cycle.  For  the  base  model  case  with  a 3D-day  outage,  the 
minimum  fuel  cycle  cost  is  at  4.5-wt9»  for  the  1 2-monih  cycle,  5.5-wt%  for  the  1 8-monih 
cycle.  6.5-wt%  for  the  24-month  cycle,  7.5-wi%  for  the  30-month  cycle,  7.5-wt%  for  the 
36-month  cycle.  and9.0-wt%  for  the  42-momh  cycle.  The  cost  savings  orpenaliv  in 
dollars  pet  year  per  1000  MW,  plant  is  dctcimined  by  multiplying  the  difference  fuel 
cycle  cost  in  ^ between  two  enrichments  by  a factor  of  8.76x10^.  Assuming  a 

1 5-day  outage  length,  the  savings  in  fuel  cycle  costs  in  going  from  5-wt%  to  6.0-wt%  for 
plants  on  an  18-momh  cycle  is  only  $91,000  a year  per  1000  MW,  plant.  If  this  outage 
length  is  increased  to  30  days,  the  cost  savings  is  reduced  to  $13,000  a year.  For  the  24- 
month  cycle  with  1 5-day  outages,  the  savings  in  fuel  cycle  costs  in  going  from5-wt54to 

6.5- wtV.is0.182  approximately  $1,595,000  a year  per  1000  MW,  plant.  An 


increase  of  outage  length  to  30  days  would  decrease  the  cost  savings  to  $1,319,000  per 
year.  A nuclear  plant  using  a 30-month  cycle  with  a 15-day  outage  would  save 


63 

S5.072.000  per  year  by  going  from  S.O-wiW  lo  7.5-wi%.  For  a 30-day  ouiage  the  savings 
would  decrease  lo  $4,545,000  per  year.  The  1 2-momh  cycle  has  a fuel  cycle  cosi 
minimum  below  ihe  currenlly  licensed  5-wty«  enrichmem  limii  and  is  noi  compelilive 
under  ihe  base  model  conditions.  The  36  and  42-momh  cycles  can  not  be  achieved  using 
5-wi%  fuel  and  therefore  no  cost  savings  are  calculated. 

All  previous  costs  are  calculaled  for  the  firel  five-year  period  in  which  the  plants 
would  have  to  pay  for  the  licensing  and  equipment  modifications  to  process  and  receive 
grcoicr  than  5-wi%  fuel.  After  the  first  five  years,  1 8-month  cycle  plants  with  15-day 
outage  lengths  would  save  $140,000  per  year  by  increasing  their  enrichment  from  5.0- 
wt%  to  6.0-wt%.  An  outage  length  of  30  days  would  decrease  the  savings  to  $93,000  per 
year.  Plants  on  a 24-month  cycle  with  15-day  outage  lengths  would  save  $1,710,000  per 
year  by  incieasing  their  enrichment  from  S.0-wt54  to  6.5-wt%.  This  amount  is  decreased 
to  $1,399,000  per  year  if  the  outage  length  is  increased  to  30  days.  A 30-month  cycle 
plant  with  a 15-day  outage  would  save  $5,155,000  per  year  by  increasing  its  enrichment 
from  S-O-wl^B  to  7,5-wt%.  A 30-dny  outage  would  lower  this  savings  to  $4,627,000  per 
year.  The  results  for  the  base  case  calculations  arc  pm.scnied  in  Figures  5-1  through  5-4 
and  in  Tables  E-l  andE-2. 

Effect  of  Varialian  in  Participating  Number  of  Nuclear  Plants 
Variations  in  the  number  of  nuclear  plants  which  participate  in  a program  for 
increasing  fuel  enrichments  will  alTcci  Ihe  charges  to  each  plant  fur  the  licensing  and 
equipment  replacement  at  the  fabrication  facility.  Ifihe  number  of  participating  plants  Is 


Figure  5-1.  Fuel  cycle  cost  comparison  of  varying  C)s:le  lengths  with  15-day  ouuigc  for 
the  first  5 years 
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Figure  5-4.  Fuel  cycle  cost  compariwn  of  varying  cycle  Icn 
the  first  5 years 


ngths  wiUi30-dayc 
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increased  to  15,  the  savings  for  reactors  for  the  first  5 years  on  a 30-iTionth  cycle  with  a 
15-day  outage  changing  from  5-wi%  to  7.5-wiW  fuel  would  increase  by  0-354  to 

55.055.000  a year  for  each  plant.  For  the  24-month  cycle,  changing  from  5-wt%  to  6.5- 
wl54  fuel  would  increase  savings  to  opproximaldy  51,610,000,  (0.9%)  and  the  18-month 
cycle  plants  would  only  increase  savings  to  $106,000(16.4%)  per  year  each.  Increasing 
the  number  of  participating  plants  from  15  to  20  only  increases  the  cost  savings  to 

55.095.000  (0.4%)  a year  per  each  30-momh  cycle  plant.  $1,617,000(1.4%)  for  24- 
month  cycle  plants,  and  $11 3,000  (23.6%)  for  the  I8-monlh  cycle.  The  savings  for 
reactors  on  a 30-month  cycle  and  30-day  outages  would  increase  to  $4,560,000  (0.3%) 
per  year  if  the  number  of  porticipoting  plants  were  increased  from  10  to  15.  The  24- 
month  cycle  would  increase  to  $1,334,000  (l.l%)andlhe  1 8-month  cycle  plants  would 
increase  to  527.000  ( 1 1 7.8%),  Iftltc  number  of  participating  plants  were  inciaased  to  20, 
the  cost  savings  would  increase  to  54.568,000  (0.5%).  5 1 .340,000  (1.6%),  and  534,000 
(169.9%)  for  the  30-month.  24-ntonlh,  and  18-momh  cycle  plants  respectively. 

Increasing  the  number  of  participating  plants  beyond  this  point  results  in  diminishing 
returns.  In  general,  increasing  the  number  of  plants  by  five  beyond  15  results  in  an 
increase  of  profits  of  appiuximaidy  50%  of  that  seen  by  the  previous  UKrease  of  5. 

If  the  number  of  plants  is  decreased  from  the  base  model  of  10  to  5,  the3D-monih 
cycle  plants  with  15-day  outages  would  decrease  savings  to  55,010.000  (-1,2%),  the  24- 
month  cycle  plants  to  51.537,000  (-3.7%),  and  the  18-momh  cycle  plants  to  533,000  (- 
64,1%)  per  year.  If  the  outage  length  is  30  days,  the  30-momh  cycle  plants  savings 
would  decrease  to  54,483.000  (-1.4%)  and  the  24-monlh  to  $1,261,000  (-4.4%).  The  18- 
momh  cycle’s  minimum  fuel  cycle  cost  changes  to  5-wt%  and  plants  with  this  cycle 
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kn^ih  would  see  a net  loss  of  S46, 000  (-46t.2K)a  year  if  they  increased  their 
enrichments  to  5.5'Wi^.  if  only  two  plants  participate  in  an  increased  enrichment 
program,  each  plant  would  sec  a net  lossof  S266,000(-291.2%)  per  year  going  from  5- 
t»t%lo6.0-wt%iflhey  wereonly  onan  1 8-month  cycle  with  15-day  outages.  The  same 
two  plants  could  save  SI, 238,000  (-22.436)  by  increasing  enrichmenis  from  5,0-wt%  to 
6.5-wi%  ifthey  were  on  a 24-month  cycle,  or  $4,696,000  (-7.434)  pet  year  if  they  were 
using  a 30-month  cycle.  For  30-day  outages,  the  1 8-month  cycle  would  lose  $342,000  (- 
2,8 1 5.434)  a year,  the  24-month  cycle  would  decrease  savings  to  $963,000  (-27.034).  and 
the  30-month  cycle  wouJd  see  a reduced  savings  to  $4,167,000  (-8.3%)  per  year  for  the 
first  5 yeais.  If  only  one  15-day  outage  plant  were  to  participate  in  an  increased 
enrichment  program,  it  would  see  a net  loss  ofSI,  173.000  (-1,385.934)  per  year  by  going 
from  5.0-wt%  to  6.0- wt%  onan  18-month  cycle,  a reduced  savings  of  $324,000 (-79.3%) 
a year  going  from  5.0- wt%  to  6.5-wt%  on  a 24-month  cycle,  and  reduced  savings  to 
$3,739,000  (-26.3%)  per  year  for  plants  using  a 30-month  cycle.  The  same  plant  with  a 
30-day  outage  would  eaperience  a loss  of  $1,245,000  (-9,974.7%)  for  the  18-monlh 
cycle,  reduced  savings  to  $55,000  (-95.8%)  for  the  24-monlh  cycle,  and  a savings  of 
$3,206,000  (-29.5%)  per  year  for  the  first  5 years  for  plants  on  a 30-month  cycle.  The 
results  of  the  calculotions  for  varying  the  number  of  participating  plants  arc  shown  in 
Tables  E-5  through  E-16  and  Figuie.s5-5  through  5-16. 

EflecI  of  Variations  in  Uranium  Ore  Prices 
The  price  ofumnium  has  shown  signiHconl  variation  over  the  last  12  years  as 
displayed  in  Figure  5-17  [29|.  in  the  Iasi  1 8 months  it  has  Increased  from  $19  to  $32.65 
pcrkilogram.  The  base  economic  model  projects  a cost  of  $40  per  kilogram.  Figures5- 


ihe  firsl  5 years  with  1 5 participating  reactors 
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Figures-?.  Fuel  cycle  cosleomporisonofvarying  cycle  lengths  with  15-day  outage  for 
the  first  S years  with  20  participating  reaclons 


Figure  5-8.  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  30-day  outage  for 
the  first  5 years  with  20  participating  reaclons 
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Figure  5-9.  Fuel  cycle  cosi  comparison  of  varying  cycle  lengchs  wilh  15-day  ouUgi 


Figure  5-10.  Fuel  cycle  cost  comparison  of  varying  cycle  lenglhs  wilh  30-day  oulage 
for  the  first  5 years  with  25  participating  reactors 


mm  i fitm 


71 


Figure  5-11.  Fuel  cycle  cosl  compmson  of  yaiying  cycle  lengchs  with  15-day  outage 


Figure  S-I2.  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  30-day  outage 
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Figure  5-13.  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  15-day  oulage 
for  the  Ural  5 years  with  2 participating  reactors 


Figure  5-14.  Fuel  cycle  cost  comptirison  of  varying  cycle  lengths  with  30-day  oulage 
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Figure  5-15.  Fuel  cycle  cosl  comp^son  of  vailing  cycle  lenglhswiih  15-day  oulage 


cnglhs  with  30-day  oulage 


mm 


19  through  5-57  show  the  individuel  fuel  cycle  costs  for  the  vorious  cycle  lengths  at  5.0- 
wl9>as  well  as  at  their  minimum  fuel  cycle  cost  cnrichinenm.  As  shown  in  these  figures, 
the  feed  represents  between  9%  and  16%  of  the  total  fuel  cycle  costs.  The  percentage 
that  the  feed  represents  of  the  fiiel  cycle  cost  Increases  with  longer  cycle  times  and 

savings  to  S72.000  (-21 .0%)  and  $4,000  (-68.7%)  a year  per  plant  for  the  1 8-month  cycle 
with  1 5 and  30-day  outage  lengths.  The  cost  savings  forlhe  24-month  cycle  would 
Increase  to  $1 .747,000  (9.5%)  and  SI  .437.000  (8.9%)  for  the  24-momh  cycle.  The  30- 
month  cycle  plants  would  increa.se  their  cost  savings  to  $5,660,000  (U.6%)and 
$5,067,000(11.5%).  A further  increase  to  $80  a kilogram  would  result  in  a further 
reduction  of  cost  savings  to  $53,000  (-42.1  %>  a year  for  1 8-month  cycle  plants  with  1 5- 
day  outages.  The  30-day  outage  plants  would  experience  loss  of  $5,000  (-137.3%)  a 
year.  Reactors  using  24-Rioaih  cycle  and  1 5-day  and  30-day  outages  would  increase 
savings  to  $ 1 ,899,000  (1 9.0%)  and  $ 1,555,000  ( 1 7.9%).  fhe  30-raonlh  cycle  plants 
would  increase  savings  to  $6,247,000  (23.2%)  and  $5,588,000  (22.0%)  for  IS  and  30-day 
outages,  respectively,  in  general,  for  every  $20  increase  per  kilogram  from  Ihe  $40  per 
kg  base  cost,  the  cost  savings  is  reduced  by  $ 19,000  (-20.9%)  and  $9,000  (-69.2%)  per 
year  for  1 8-monlh  cycle  planls  with  15  and  30-day  outages,  increased  by  $152,000 
(9.5%)  and  $1 18.000  (8.9%)  for  24-monlh  cycle  reactors,  and  increased  by  $588,000 
(1 1.6%)  and  $521,000  (1 1.5%)  per  year  for  30-month  cycle  planls.  A reduction  of  ore 
costs  from  $40  to  $20  a kilogram  would  result  in  equal  but  opposite  change.  The  reason 
for  the  opposite  trends  for  the  1 8-month  cycle  vs  the  24  and  30-month  cycles  can  shown 
by  plotting  a 2*'  order  polynomial  trendline  forlhe  fiiel  cycle  costs  for t)ic  three  c 


cycles  at 
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[he  base  costs  and  at  an  increased  feed  cost  ofSSO  per  kilogiam.  The  equations  for  the 
trendlines  for  the  base  costs  with  1 5-day  outages  and  the  increased  feed  costs  of  S80  per 
kilogram  are  presented  in  Equations  5-1  through  5-6.  Equations  5-7  through  5-12  are  the 
30-day  outage  calculations. 

frcni5-ifiry|„.  = 0.0339  <w=-0.3682  enr + 8.7801  (5-1) 

fCCT[l5-<*rv];„  =0.05l9enr’-0.7I74w  + 10.106  (5-2) 

fCC7T15-t4ri')j„  =0.0856  «nr‘ -1. 3342  enr  + 12.828  (5-3) 

FCC71l5-t*0']ii/jo  =0.04148  cnr' -0.4462  enr + 10. 139  (5-4) 

n:CT|l  5 - = 0.0542  • cm- ' - 0.8821  • enr  + 1 1 .941  (5-5) 

FCCT|I  5 - day]^,^  = 0. 1063  • enr’  - 1 .6535  • em  + 1 5.436  (5-6) 

5rcr[30  - day],u  = 0.0336  • cnr ' -0.3509  • enr  + 9.21 65  (5-7) 

rcCTI30  - day],,,  = 0.049  • cnr'  -0.6593  • enr  + 1 0.234  (5-8) 

fCCT[30  - rfoy],„  = 0.081 1 • cm’  - 1 .2508-em-  + 1 2.758  (5-9) 

fCCTtSO-day],,,^  =0.0414  cnr'  -0.425  enr  + 10.521  (5-10) 
FCCT[30  - *ry)j./^  = 0.0606  • c;ir'  - 0.8098  • enr  + 1 1 .978  (5-11) 
«:CT130-*rk]j„.„  = 0.1007  ear' -1.5494  cnr + 15249  (5-12) 
If  the  first  three  equations  for  the  1 5-day  outages  are  difTcrcniiatcd  and  set  to  zero,  the 
minimum  for  the  1 8-month  cycle  is  5.43-wi%,  the  24-momh  is  6.91  -wt%,  and  the  30- 
month  is  7.79-wi%.  Equations  5-4  through  5-6  have  minimums  at  5-34-wi%,  6.87-wi%, 
and  7.78-wt5k.  In  the  case  of  the  18-month  cycle,  the  bo.se  cose  actual  minimum  is  lower 
change  to  6.0-wi%.  For  the  24  and  30-month  cycles,  the  minimum  for 


than  the  proposed  i 
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the  base  case  is  higher  than  the  proposed  changes  to  6.0  and  6.5-wt%,  respectively.  An 
increase  in  ore  prices  lowers  the  enrichment  at  which  the  fuel  cycle  cost  is  mininuim  for 
all  three  cycles,  but  is  driving  that  enrichment  away  Irom  the  examined  18-raomhcycle 
minimum  because  it  lies  to  the  left  of  curve,  and  in  return  drives  it  towards  the  proposed 
24  and  30-month  cycle  enrichment  changes.  The  same  trends  can  be  seen  for  the  30-day 
outage  cycles  The  minimums  at  the  base  cost  of  S40  per  kilogram  of  ore  are  5.22,  6.73, 
and7.7l-wt5^  for  the  li.  24,  and  30-monlh  cycles.  When  the  oie  cost  is  increased  to  S80 

lower  enrichments  of  5. 1 3, 6.68,  and  7.69-wt%.  The  results  of  fuel  cycle  cost 
calculations  for  varying  uranium  feed  prices  are  presented  in  Figures  5-58  through  5-67 
and  in  Tables  E-1 7 through  E-22  of  Appendix  E. 


Figure  5-17.  Historical  price  data  of  uranium  ore 
LLC  128] 


• from  The  Ux  Consulting  Company, 
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Figure  5-29.  Individual  fuel  cycle  cosi  percentages  for  the  24-mottlh  cycle  with  a 
outage  at  5.0-wt%  U”*  enrichment 
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Figure  S-33.  Individual  fuel  cycle  con  percentage 
outage  at  5.0-wt%  enrichment 


; for  the  30-month  cycle  wit 
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Figure  5-37.  Individual  fuel  cycle  cosl  pereemages  for  ihe  12-monlh  cycle  with  a 30-day 
oulage  al  4.5-wt%  U“’enrichmenl 
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cycle  with  a 30-day 
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Figure  5-58.  Fuel  cycle  cost  comparison  of  vatying  cycle  lengths  with  1 5-day  outage 
for  the  flfsl  5 years  with  ore  costs  increased  to  $60  a kilogram 


Figure  5-59.  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  30-day  outage 
for  the  first  5 years  with  ore  costs  increased  to  $60  a kilogram 


Figure  5-60-  Fuel  cyde  cost  compyison  of  varying  cycle  lengths  with  15-day  outage 


Figure  5'64.  Base  fuel  cycle  cost  ccini:Arison  wiih  trendlines  of  the  18, 24.  and  SO^month 
cycle  with  I S-day  outage  length 


Figure  5-65.  Fuel  cycle  cost  comparison  with  trendlines  of  the  18, 24,  and30-monih 
cycle  with  1 5-day  outage  length  and  ore  increased  to  $80  per  kilogram 
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EITect  orVariations  in  Co 


Over  the  Iasi  10  years  the  price  of  conversion  has  varied  from  a low  of  $2.25  per 
kgin  Juneof2000toihecutTenlpriceorS7.25  perkg|29).  The  base  economic  model 
projects  a cost  ofS7  per  kilogram.  As  shown  in  Figure  5-18  through  5-57,  Ihe 
conveision  process  represenls  only  1 to  3%  of  the  fuel  cycle  costs.  An  increase  of 
conversion  costs  to  $10  per  kilogram  would  decrease  cost  savings  to  $88,000  (-3.0V>)  and 
$ 1 1,000  (-9.9%)  a year  per  plant  for  the  1 8-month  cycle  with  1 5 and  30-day  outage 
lengths.  The  cost  savings  for  Ihe  24-month  cycle  would  inciease  to  SI  ,61 7,000  (1.4%) 
and  $1,337,000  (I  J%)  for  the  24-month  cycle.  The  30-month  cycle  plants  would 
increase  their  cost  savings  to  $5,157,000  (1.7%)  and  $5,620,000  (1.7%).  A further 

(-6.1%)  a year  for  1 8-month  cycle  plants  with  1 5-day  outages.  The  30-day  outage  plants 
would  reduce  savings  to  $10,000  (-19.8%)  a year.  Reactors  using  24-monih  cycle  and 
1 5-day  and  30-day  outages  would  increase  savings  to  $ 1,639,000  (2.7%)  and  $1 .353,000 
(2.6%).  The  30-month  cycle  plants  would  increase  savings  to  $5,241,000  (3J%)and 
$4,695,000(3.3%)  for  1 5 and  30-day  outages,  respectively.  In  general,  for  every  $3 
inctease  per  kilogram  from  the  $7  per  kilogram  base  cost,  Ihe  cost  savings  is  reduced  by 
$3.000(-3.0%)and$1.000(-9.9%)per  year  for  1 8-month  cycle  plants  with  15  and  30- 
day  outages,  increased  by  $22,000  (1.4%)  and  $18,000  (1.3%)  for  24-month  cycle 
reactors,  and  increased  by  $85,000  (1.7%)  and  $75,000  (1.7%)  per  year  for  30-monlh 
cycle  plants.  A reduction  of  conversion  costs  from  $10  to  S7akilogmm  would  result  in 
equal  but  opposite  changes.  As  with  the  feed  cost  variations,  the  reason  for  the  opposite 
trends  con  shown  by  plotting  a 2"^  order  polynomial  trendline  for  the  fuel  cycle  costs  for 
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ihe  three  cycle  lengths  ot  on  increased  convcraion  cost  of  $13  per  kilogram.  The 
equations  for  the  irendlines  for  the  increased  conversion  cost  of  SI  3 per  kilogram  arc 
presented  in  Equations  3*  13  through  3-18. 

/UC7115-tffl}']„„|j  = O.035lenr’-O.3795  enr*8.976  (5-13) 

fCC7Tl5-(/ayl,„.„  = 0-0537-«w'-0.74llenr  + l0.370  (5-14) 

fCCni5-t*^],„ij  = CI.0886  enr'-1.3802  enr  + 13.204  (5-15) 

/■CCT[30  - = 0.0347  • snr’  - 0.3S1  S • enr  * 9.4045  (5-16) 

fCC7130-riivla,.„  =0.0507  r-nr’-0.681«nr-rl0.485  (5-17) 

fCCn30-tiri)’|jk.„  =0.084  enr' -1.2939  enr + 13. 117  (5-18) 

Dil^rcnliatlng  the  equations  and  setting  them  to  zero  yields  a minimum  for  the  18-month 
cycle  at  5.41 -wt%,  d.OO-wtVifor  the  24-raonlh  cycle,  and  7.79-wt'/o  for  30-monlh  cycle 
plants  with  15-day  outages.  For  30-day  outage  plants  the  minimums  become  5.21-wtVb. 
6.72-wt%,  and  7.70-wt%  for  the  1 8. 24,  and  30-month  cycles.  An  increase  in  eonversion 
prices  lotverslhe  enrichment  at  which  the  fuel  cycle  cost  is  minimum  for  all  three  cycles, 
but  as  with  case  of  increased  feed  costs,  the  new  minimum  for  the  1 8-month  cycle  is 
further  away  from  the  examined  minimum  because  it  lies  to  the  lefl  of  curve,  in  the  case 
of  the  24  and  30-month  cycles,  the  new  minimum  becomes  closer  to  the  original  6.5  and 
7.5-wtH  enrichment  changes.  The  results  of  fuel  cycle  cost  calculations  for  varying 
conversion  prices  are  presented  in  Figures  5-68  through  5-75  and  in  Tobies  E-23  through 
E-28  of  Appendix  E. 

Effect  of  Variations  in  Enrichment  Prices 
The  price  of  SWUs  in  the  United  States  has  varied  in  the  last  10  years  from  $80 
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Fuel  cycle  cosi  comparison  of  varying  cycle  Icnglhs  wilh  30-day  oulage 
for  the  first  5 years  with  conversion  costs  increased  to  $10  a kilogram 


Figure  5-69. 
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Figure  S'70.  Fuel  cycle  cosl  comparison  of  varying  cycle  lengths  with  IS-day  outage 
forthcfiist  5 ycais  with  conveision  costs  increased  to  S13  a kilogram 


Figure  5-71.  Fuel  cycle  cosl  comparison  of  varying  cycle  lengths  with  30-day  outage 
for  the  first  S years  with  conversion  costs  increased  to  $13  a kilogram 


Figure  5-72.  Fuel  cycle  cosi  comparison  of  varying  cycle  lenglhs  wiih  1 5-day  outage 
for  the  first  5 years  with  conversion  costs  decreased  to  S4  a kilogram 


Figure  5-73.  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  30-day  outage 
for  the  first  3 years  with  converaion  costs  decreased  to  S4  a kilogram 


Figure  5-74.  Fuel  cycle  cosi  compftrison  with  n 
cycle  with  1 5-day  outage  length  an 
kilogram 


i of  the  18, 24.  and  30-mc 


5.  Fuel  cycle  cost  comparisoi 
cycle  with  30-day  outage  li 
kilogram 
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per  SWU 10  ihc  cuirenl  bigb  of  $1 08  per  SWU  |29]  as  shown  in  Figure  5-76.  The  base 
economic  model  used  a value  of  $1 10  per  SWU.  Figures  5-18  ihrough  5-57  show  thal 
enrichment  ranges  from  1 7%  to  33%  of  the  total  fuel  cycle  costs.  The  percentages 
increase  with  longer  cycle  times  and  shorler  outages.  A decrease  in  price  of  SWU  to  S90 
per  SWU  from  the  advent  of  a second  enrichment  faciiity  built  in  the  U.S.  would  increase 
cost  savings  to  S283.000  (209.9%)  and  SI  1 1 .000  (781 .6%)  a year  per  plant  for  the  1 8- 
month  cycle  with  15  and  30-day  outage  lengths  if  enrichments  were  increased  to  6.0-wt% 
and  5.5-wt%,  respectively.  Decreases  in  the  price  of  SWU  of  this  magnitude  increases 
ttie  ennehment  for  minimum  fuel  cycle  costs  for  the  30-day  outage  plants  to  6.0-wt% 
from  5.5-wt%.  Raising  the  enrichment  to  6.0-wl%  increases  cost  savings  to  SI95.000 
(1,449.7%)  per  year.  The  cost  savings  for  the  24-month  cycle  would  increase  to 
Sl.760.000  (10J%)  and  $1,501,000  (13.8%)  for  the  2+-month  cycle.  The  30-month  cycle 
plants  would  increase  their  cost  savings  to  $5,093,000  (0.4%)  and  $4,606,000(1.3%).  A 
further  decrease  to  $80  a SWU  would  increase  cost  savings  tn  $378,000  (3 14.8%)  a year 
for  18-month  cycle  plants  with  15-day  outages.  The  30-day  outage  plants  would  increase 
savings  to  $160,000  (1.172.4%)  a year  if  they  increased  enrichments  to  5.5-wl%and 
$293,000  (2,219.6%)  if  they  used  6.0-w%  fuel.  Reactors  using  24-month  cycle  and  15- 
day  and  30-day  outages  would  increase  savings  to  $1,843,000  (15.5%)  and  $ 1 ,593.000 
(20.7%).  The  30-raonth  cycle  plants  would  increase  savings  to  $5,104,000  (0.6%)  and 
$4,636,000  (2.0%)  for  15  and  30-day  outages,  respectively.  In  general,  for  every  $10 
decrease  per  SWU  from  the  $1 10  per  SWU  base  cost,  the  cost  savings  is  inetCAsed  by 
$96,000  (105.2%)  and  $49,000  (388.5%)  ($98,000  (777.0%)  if  switching  to  6.0-wr% 
insleadof5.5-wt%)  per  year  for  18-monih  cycle  plants  with  15  and  30-day  outages. 
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increased  by  SK3.000  (5.2%)  and  S91.000  (6.9%)  for  24-mun(h  cycle  reactors,  and 
increased  by  510,000  (0J%)  and  S3 1.000  (0.7%)  per  year  for  30-monlh  cycle  plants.  An 
increase  of  5WU  costs  by  SlOa  SWU  would  result  in  equal  but  opposite  changes.  The 
results  of  fuel  cycle  cost  calculations  with  varying  SWU  prices  are  presented  in  Figures 
3*77  through  5-84  and  Tables  E-29  through  E-36  of  Appendix  £. 

A 2'^order  polynomial  trendline  for  the  fuel  cycle  costs  for  the  IS.  24.  and  30- 
month  cycles  at  a decreased  SWU  cost  of  $80  per  SWU  is  presented  in  Figures  5-85  and 
5-86.  The  equations  for  the  trendlines  for  the  decreased  SWU  cost  of  580  per  SWU  are 
presented  in  Equations  5-19  through  5-24. 

FrCT(15-doyl„^  =0.03I4enr' -0.3741  enr -r  8.2503  (5-19) 

FCCT|15  -diry];.^  = 0.0475  • enr’  - 0.6847  ew  -r  9.3493  (5-20) 

FCCm  5 - tAtylx...  = 0.0772  • enr ' - 1 .228 1 • enr  + 11 .69 1 (5-21 ) 

FCCT|30  - dqvlito.B  = 0 031  enr ’ - 0.3566  enr  * 8.7079  (5-22) 

AXT(30-diry|„.^  =0.0448-enr'  -0.6322  enr  + 9.5192  (5-23) 

ft:C7J30-(/iO']„.M  = 0.O732  gnr‘-l.l54e/rr  + U.677  (5-24) 

Differentiating  the  equations  and  selling  them  to  zero  yields  a minimum  for  the  1 8-month 
cycle  at  5.96-wt%,  7.2l-wl%  for  the  24-monlh  cycle,  and  7.95-wl%  for  30-month  cycle 
plants  with  1 5-day  outages.  For  30-day  outage  plants  the  minimums  become  5.75-wt%, 
?-06-wt%,  and  7.88-wt%  for  the  1 8.  24,  and  30-monlh  cycles.  A decrease  in  SWU  cost 
raises  the  enrichment  at  which  the  foci  cycle  cost  is  minimum  for  all  three  cycles. 

In  order  to  fully  understand  the  impact  orvariaiion  of  the  SWU  costs,  the 
individual  fuel  cycle  costs  are  plotted  in  Figures  5-87  through  5- 1 04.  As  shown  in  these 
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figures,  the  SWU  charge  using  the  base  case  model  is  one  of  the  more  dominate  charges 
in  the  fuel  cycle  cost.  Not  including  outage  costs,  the  in-core  capital  use  charge  becomes 
second  only  to  the  SWU  charge  at  enrichments  greater  then  6,5-wi%  for  the  18-month 
cycle  and  24-monlh  cycles  and  at  7,0-wt%  for  the  30  tnomh  cycles.  The  in<ore  capital 
use  charge  is  very  dependam  on  the  costofSWUs.  Decreasing  the  SWU  costs  from  $1 10 
to  S80  a SWU,  lowers  the  slope  of  the  plotted  in-core  capital  use  charge  rrendline  from 
0,2181  for  the  18-month  cycle,  0,21 12  for  the  24-monlh  cycle,  and  0.2040  for  the  30- 
monlh  cycle  to  0.1800, 0,1740,  and  0.1678  for  the  respective  cycle  lengths  using  a 15-day 
outage.  Forplantswith30-dayouiageslheslopeisloweredfrom0.2230to0.1841  for 
the  18-month  cycle,  from  02150  to  0.1772  for  the  24-monlh  cycle,  and  from  02058  to 
0.1693  for  the  30-month  cycle.  This  aJso  increases  the  enrichment  value  at  which  the  in- 
core  capital  use  charge  begins  to  dominate  over  all  other  charges  (excluding  SWU  and 
outage)  by  approximately  I.0-wt%  for  all  three  cycles. 

The  individual  fuel  cycle  costs  for  the  same  relative  decrease  (27%)  in  feed  costs 
from  S40  to  S29  are  plotted  in  Figures  5-105  through  5-110.  lo  this  case  the  slopes  of 
the  plotted  in-core  capital  use  charge  trendline  is  only  lowered  to  0.2026,  0.1960,  and 
0.1893  for  the  18. 24,  and  30-monih  cycles  with  IS-day  outages.  The  slope  is  lowered  to 
0.2072. 0.1996.  and  0.1 910  for  the  18,24,  and  30-month  cycle  plants  with  30-day 
outages.  A 27%  decrease  In  SWU  cosis  corresponds  lo  a 17-18%  decrease  in  the  slope  of 

only  lowers  the  slope  by  approximately  7%.  Table  E-37  presents  a lisUng  of  the 
individual  fuel  cycle  contributors  to  the  in-core  capital  use  charge  with  the  percent 
decrease  in  its  slope  for  a corresponding  27%  decrease  in  the  contributor's  hose  value. 
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As  shown  in  this  table,  the  in*core  capilai  use  charge  is  strongly  coupled  lo  enrichment 
charges.  This  in-core  capital  use  charge  is  the  strongest  contributor  to  the  shape  of  fuel 
cycle  costs  curves,  which  in  turn  determines  the  enrichment  at  which  the  fuel  cycle  costs 
are  at  a minimum.  Figures  5-111  through  5*134  present  the  individual  fuel  cycle  costs 
for  the  1 8. 24.  and  30-month  cycles  with  15  and  30-day  outages  when  the  conversion 
costs,  fabrication  costs,  reload  licensing  cosis,  and  interest  rates  are  reduced  by  2713. 

Figures  5-135  through  5-146  show  the  individual  fuel  cycle  costs  for  the  18.24, 
and  30-momh  cycles  when  the  interest  on  fuel  purchases  is  set  to  zero  (eliminating  the  in- 
core  capilai  use  charge)  and  when  the  interest  rate  is  increased  to  203i.  The 
corresponding  fuel  cycle  cost  graphs  are  shown  in  Figures  5-147  through  5-150.  As 
shown  in  these  figures,  the  shape  is  that  of  a parabola.  Increasing  the  interest  and  thus 
the  in-core  capital  use  charge  shifts  the  minimum  to  the  left  (lower  enrichments)  and 
tightens  the  parabola,  increasing  the  slope  of  the  endpoints,  which  would  in  turn  increase 
the  difference  in  price  of  fuel  cycle  costs  as  the  enrichment  is  varied.  A decrease  in  the 
in-core  capital  use  charges  shifts  the  minimum  to  the  right  (higher  enrichments), 
decreasing  the  slope  of  the  endpoints  which  decreases  the  relative  change  of  fuel  cycle 
costs  85  the  enrichment  is  varied. 

EfTecI  of  Varialion.s  in  the  Cost  of  Fabrication 
A base  value  of  $250  per  kg  for  fabrication  costs  was  used  in  the  model.  As 
shown  in  Figures  5-19  though  5-57,  this  typically  represents  5 lo  9%  of  the  fuel  cycle 
cost  at  ihe  respective  fuel  cycle  minimums.  A 10%  incroa.se  in  fabrication  costs  increases 
cost  savings  for  the  18, 24,  and  30-month  cycles  with  1 5-day  outages  to  S 1 84,000 
(102.0%),  $1,744,000  (10.0%),  and  $5,340,000  (5.7%)  a year  if  a switch  is  made  from  5- 


Figure  5-76.  Historical  price  data  of  SWUs  in  the  United  Slates  from  The  Ux  Consuiung 
Company,  LLC  [28] 


Figure  5-77.  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  15-day  outage 
for  Ihe  first  5 years  with  SWU  cost  decreased  to  J90  a SWU 


Rgure  5-78.  Fuel  cycle  cosl  comparison  of  varying  cycle  lengths  with  30-day  out. 
for  the  firs!  5 years  with  SWU  cost  decreased  to  S90  a SWU 


Figure  5-79.  Fuel  cycle  cosl  comparison  of  varying  cycle  lengths  with  15-day  outage 
for  ihe  fust  5 years  with  SWU  cost  decreased  lo  S80  a SWU 
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Figure  5-*I.  Fuel  cycle  cost  comparison  of  varying  cycle  lengUiswith  15-day  outage 
for  the  first  5 years  with  SWU  cost  increased  to  $130  a SWU 


risureS-82.  Fuel  cycle  cost  comparison  of  varying  cycle  lengchs  with  30-day  outage 
for  the  first  5 years  with  SWU  cost  increased  to  $130  a SWU 


Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  15-day  outage 
for  the  first  5 yeara  with  SWU  cost  increased  to  $150  a SWU 


Figure  5-83. 


Figure  5-86.  Fuel  cycle  cosi  tomparison  with  trendlines  of  the  1 8, 24.  and  30-month 

cycle  with  30-day  outage  length  and  SWU  cost  decreased  to  S80  per  SWU 


III 


Figure  S-89.  Individual  cost  varisllons 


1 for  Ihe  1 8-monlh  ftiel  cycle  with  1 5-day  c 


Figure  j-90.  Individual  cost  variations  for  the  IS-month  fuel  cycle  with  30-day  outage 


I fuel  cycle  with  IS-day  outage 
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Figure  5-93.  Indivic 


> for  the  30-month  fuel  cycle  wit 
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Figure  5-94.  Individual  cost  varialions  for  the  30-monlh  fuel  cycle  with 


Figure  5-95.  Individual  c 


nth  foel  cycle 
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Figure  5-96.  Individual  cos  variations  for  the  36-month  fuel  cycle  with  30-day  outage 


Figure  5-97.  Individual  eo 


vilh  15-day  outage 
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Figure  5-98.  Individual  cost  variations  for  ihe  42-nionlh  fuel  cycle  with  30-day  outage 


viih  1 3-day  oulage 
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Figure  5-100.  Individual  cost  variaiions  for  ihc  24-monih  fuel  cycle  with  15-day  outage 
with  SWU  cost  reduced  to  $80  a SWU 
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1 30-day  oulQgc 


126 


Figure  5-105.  Individual  cosivarialions  for  the  IS-moiuh  fuel  cycle  with  15-day  outage 
with  ora  cost  reduced  by  27W 
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Figure  5-106.  Individual  cost  variations  for  ilw  24-niomh  fuel  cycle  with  15-day  outage 
with  ore  cost  reduced  by  27% 


Figure  5-108.  Individual  cosl  variations  for  the  1 g-monlh  fuel  cycle  with  30-day  outage 
with  ore  cosl  reduced  by  2734 


Figure  5-109,  Individual  cost  variations  for  the  24-month  fuel  cycle  with  30-doy  outage 
with  ore  cost  reduced  by  27% 


Figure  5-110.  Individual  cost  varialions  for  Ihe  30-niomh  fuel  cycle  with  30-day  oulage 
with  ore  cost  reduced  by  21% 
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Figure  S-l  14.  It^ividual  c^t  variaiions  Tot  the  1 8-momh  Fuel  cycle  with  30-dsy  outage 


: 5-115. 
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Figure  5-1 16.  Individual  cost  varifllions  fonhe  30-month  fiiel  cycle  wilh  30-day  outage 
with  convention  costs  reduced  by  27% 


Figure  5-1 17.  Individual  cost  variations  Tor  the  13-monih  fuel  cycle' 
with  fabrication  costs  reduced  by  27% 


'ith  1 5-day  i 


Figure  5-120.  Individual  cost  variuiions  for  the  18-nionlh  fiid  cycle  with  30-day  outage 
with  fabrication  costa  reduced  by  27% 


Figure  5-121.  Individual  cost  variations  for  the  24-raomh  fuel  cycle  with  30-day  outage 
with  fabrication  cosLs  reduced  by  27% 


Figure  5-123.  Individual  cosi  variations  foe  th«  1 8-rnomh  fuel  cycle  with  15-day  outage 
with  reload  licensing  costs  reduced  by  27% 
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Figure  5-125.  Individual  cost  variaiions  for  Ihe  30-monih  fuel  cycle  with 
wilh  reload  licensing  costs  reduced  by  27% 


IS-day  outage 


Figure  5-126.  Individual  cosl  varialions  for  Ihe  18-monlh  fuel  cycle  with  30-day  outaije 
with  reload  licensing  cosls  reduced  by  27% 


Figure  5-127.  Individual  cost  variations  for  the  24-monlh  fuel  cycle  with  30^1ay  outage 
with  reload  licensing  costs  reduced  by  27% 


Figure  5-128.  li^ividunJ  cost  variations  for  ihe  30-momh  Fuel  cycle  with  30-day  outage 


Individual  cost  variations  for  the  18-momh  fuel  cycle  with  I S-day  outage 
with  interest  rates  for  fuel  purchases  reduced  by  2754 


Figure  5-129. 
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Figure  5-132.  Individual  cosl  varialion.'i  for  Ihe  18-monlh  fuel  cycle  wiih  30-day  outage 
with  inleresl  rates  for  fuel  purchases  reduced  by  2734 


Figure  5-133.  Individual  cost  variaaons  for  the  24-month  fuel  cycle  with  30-day  outage 
with  interest  rates  for  fuel  purcbascs  reduced  by  27% 
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Figure  5-136.  Individual  cosi  variations  for  the  24-momh  fiicl  cycle  with  15-day  outage 
with  interest  rate  for  fuel  purchases  reduced  to  zero 
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Figure  5-138.  Individual  cost  vanniions  Tor  the  18-munth  fuel  cycle  with  30-day  outage 


Figure  5- 1 39.  Individual  cost  variations  for  the  24-monlh  Fuel  cycle  w 
with  interest  rale  for  fuel  purchases  reduced  to  zero 


viih  30-day  outage 


Figure  5-140.  Individual  cost  varialions  for  the  30-momh  fuel  cycle  wiUi  30-day  outage 
with  interest  rate  for  fuel  purchases  reduced  lo  zero 


Figure  5-141.  Individual  cost  varialions  for  the  1 8-momh  fuel  cycle  with 

with  interest  rate  for  fuel  purchases  increased  to  20% 


15-day, 


14S 
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Figure  S-144.  Individual  cost  variations  for  the  1 8-month  fuel  cycle  with  30-ds)' outage 
with  interest  rale  for  liiel  purchases  increased  to  20% 


Figure  3-146.  Individual  cost  variadons  for  the  30-inonth  fuel  cycle  with  30-day  outage 
with  interest  rate  for  fiiel  purchases  increased  to  20% 


Figure  5-147.  Fuel  cycle  cost  comparison  of  the  18,24,  and  30-month  cycles  with 
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Figure  5-148.  Fuel  cycle  cost  comparison  of  die  18,24,  and  30-momh  cycles  with 
3(Vdfly  outage  length  and  interest  rale  on  fuel  purchases  set  to  zero 


Figure  5-149.  Fuel  cycle  cost  comparison  of  the  18, 24,  and  30-month  cycles  with 
15-day  outage  length  and  interest  rale  on  ftiel  purchases  set  to  20% 
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Figure  5-150.  Fuel  cycle  cosi  comparison  of  the  18,  24.  and  30-momh  cycles  with 
30-day  outage  length  and  interest  rate  on  fuel  purehases  set  to  2058 

wi%io  the  respective  enrichment  minimums.  For  the  30-day  outage,  the  cost  savings  arc 
increased  to  $91,000  (617.7%),  $1,472,000  (1 1.6%),  and  $4,822,000  (6.1%)  with  the 
enrichment  minimum  for  the  18-month  cycle  increasing  to  6.0-wt%.  An  increase  of  20% 
in  fabrication  costs  increases  cost  savings  to  $277,000  (204.0%),  $1,915,000  (20.0%), 
and  $5,648,000  (1 1.4%)  per  year  for  the  18. 24.  and  30-monih  cycles  with  15-day 
outages  and  $180,000  (1.325.7%),  $1,625,000  (23.1%),  and  $5,099,000(12.2%)  pet  year 
for  30-day  outages  ifa  switch  is  made  to  Ihe  enrichment  at  which  foel  cycle  costs  area 
minimum  for  each  respective  case.  In  general,  for  every  1 0%  increase  of  fabrication 
costs,  Ihe  cost  savings  are  increased  by  $93,000  (102.0%),  $ 1 49.000  {10.0%).  and 
$288,000  (5.7%)  per  year  for  18. 24,  and  30-month  cycles  with  15-day  outages.  For  the 
30-day  outage  plants  the  savings  are  increased  by  $50,000  (392.5%)  for  an  increase  to 


5.5-wi%  or  $90,000  (617-7%)  if  6.0-wt%  instead  of  5.5-wr%  is  chosen  for  Ihe  18-monih 
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cycle,  $153,000  (1 1 .6%)  for  the  24-monlh  cycle,  and  $277,000  (6.1%)  per  year  for  the 

5-151  through  5-158  and  in  Tables  E-29  through  E-36  of  Appendix  E. 

month  cycles  with  a 20%  increase  in  fabricalion  costs  is  presented  in  Figures  5-159  and 
5-160.  The  equations  for  the  trendlines  for  increased  fabrication  costs  are  presented  in 
Equations  5-25  through  5-30. 

FCCT[15-<fa>]|„.j,j  = 0.0363  enr'-0.4143enr  + 9.0767  (5-25) 

FCC7tl5-<iiy]^y.jj,  =0.0551  enr' -0.7785  enr + 10.474  (5-26) 

FCCT[]  5 - day]„,„„  = 0.0901  • enr'  - 1 .41 87  • enr  + 1 3 J03  (5-27) 

FCCT[30-rfay|,„.„  =0.0359-«w=  -0.3949  enr+9.5013  (5-28> 

FtCC7130-a!oy]„,^=0-052-enr’-0-7174c»r  + l0.587  (5-29) 

FCCn30-a'(ry)„,.j„  = 0.0855  enr‘-1.3318cr7r  + 13.216  (5-30) 

DifTcrentlaiing  the  equations  and  setting  them  to  zero  yields  a minimum  for  the  18- 
month  cycle  at  5.71-wi%,  7.06-wt%  for  the  24-month  cycle,  and  7.87-wt%  for  30-month 
cycle  plants  with  1 5-day  outages.  For30-dayoutageplantsthcmmimumsbccomc5.50- 
wt%.  6.90-wt%.  and  7.79-wt%  for  the  18. 24.  and  30-month  cycles.  An  increase  in 
fabrication  costs  raises  the  enrichment  at  which  the  fuel  cycle  cost  is  minimum  for  all 
three  cycles. 

EITcel  of  VarialioDS  in  Reload  Licensing  Costs 


base  cost  ofS  1.000.000  for  reload  licensing  was  used  in  the 
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Figure  5-151.  Fuel  cycle  cost  comparison  ofvarying  cycle  lengths  with  l5-i 
for  Die  first  5 years  with  rabricaUon  costs  increased  by  10% 


Figure  5-152.  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  30-dey  outage 
for  the  fust  5 years  with  fabricoiion  costs  increased  by  10% 


||}|l|  I mm 
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Figure  5-154.  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  30-day  outage 
for  the  first  5 years  with  fabrication  costs  increased  by  20% 


tmt 
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Figu»S-IS5.  Fuel  cycle  cmi  comparison  of  varying  cycle  lengths  with  I S-day  outage 
for  the  first  S years  with  Mpricalion  costs  decreased  by  10% 


Figure  5-156.  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  30-day  outage 
for  the  first  5 years  with  fabricadon  costs  decreased  by  10% 
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Figure  5-1 57.  Fuel  cycle  coa  comparison  of  vaiying  cycle  lengths  with  1 5-day  outage 
for  the  first  5 years  with  fabrication  costs  decreased  by  20% 


Figure  5-158.  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  30-day  outage 
for  the  first  5 years  with  fabrication  costs  decreased  by  20% 
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Figure  5-160.  Fuel  cycle  cosi  comparison  with  Irendlinee  of  the  I g.  24.  and  30-month 
cycle  with  30-day  outage  length  and  fabrication  costs  increased  by  20% 


IS6 

in  Figures  5-19  though  5-37,  this  typically  represents  only  l°/soflhe  fuel  cycle  cost  at  the 
respective  fuel  cycle  minitmims.  If  reload  licensing  costs  are  decreased  by  25%,  cost 
savings  for  the  18. 2d.  and  30-month  cycles  with  1 3-day  outages  are  increased  to 
SI03.000  (12.9%).  Sl.609.000  (0.8%).  and  S3.083.000  (0.2%)  a year  if  a switch  is  made 
from  5-wt%  to  the  respective  enrichment  minimums.  Plants  with  a 30-day  outage 
increase  cost  savings  to  $20,000  (56. 1%).  S 1 ,334,000  ( 1 .1%),  and  $4,557,000  (0-3%)  per 
year.  A 50%  decrease  in  reload  licensing  costs  increases  the  cost  savings  to  SI  15.000 
(25.8%).  $1,622,000  (1.7%).  and  $5,094,000  (0.5%)  per  year  for  15-day  outages.  Plants 
with  30-day  outages  would  increase  cost  savings  to  $28,000  (1 12.1%).  $1,348,000 
(2.2%).  and  $4,568,000  (0-5%)  per  year.  In  general,  for  every  25%  decrease  in  reload 
licensing  costs,  the  costs  savings  for  1 3-day  outage  plants  are  Increased  by  $12,000 
(12-9%),  $13,000  (0.8%),  and  SI  1.000  (0.2%)  for  the  18. 24,  and  30-month  cycles. 

Plants  with  30-day  outages  would  increase  their  savings  by  $8,000  (36.1%),  $14,000 
(1.1%).  and  $1 1,000  (0.3%).  Increases  to  the  reload  licensing  costs  of  the  some 
magnitude  would  have  equal  but  opposite  changes.  The  results  from  these  calculations 
are  presented  in  Figures  5-161  through  5-168  and  in  Tables  E-46  through  E-53  of 
Appendix  E. 

A2"^order  polynomial  trendline  for  the  fuel  cycle  cosls  for  the  18,  24,  and  30- 
month  cycles  with  an  increase  of  50%  in  reload  licensing  costs  is  presented  in  Figures  5- 
169  and  5-170.  The  equations  For  the  trendlines  for  a 50%  Increase  in  leload  licensing 
costs  are  presented  in  Equations  5-31  through  5-36. 

FCC7I1 5 - = 0.034  • cw’  - 0.367  • enr  -t-  8.821 4 (5-31) 

re'CT|lS-<*fy],„.,j„  = 0.052  enr’  -0.7167  enr + 10.137  (5-32) 
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fccr[15-<fa>]„^.i,rt  =0.0857  «nr'-l.3342-w  + 12.856  (5-33) 

fCC7I30  - day],,^.,  = 0.0338  • enr’  - 0.3502  -ew  * 9-2596  (5-34) 

FCCT[30-*>]„„.,3^  =0.0491  enr'-0.6582  em  + I0.264  (5-”) 

/■CCTl30-fl!ov]»^.ijrt“0  08l2-en'-’-l.251fnr  + 12.786  (5-36) 

DiHerentiatingtlK  squalions  and  setting  them  to  zero  yields  a minimum  for  the  18- 
momh  cycle  at  5-47-wt5i,  6.92-wt%  for  the  24-monlh  cycle,  and  7.80-wi%  for  30-raonth 
cycle  plants  with  1 5-day  oulages.  For  30-day  oulage  plants  the  minimiuns  become  5.25- 
wt%.  6.75-wt%,  and  7.72-wt%  for  the  1 8. 24,  and  30-month  cycles.  Increases  in  reload 
licensing  costs  result  in  very  small  increases  in  the  enrichmeni  at  which  the  fiiel  cycle 
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Figure  5-162.  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  30-day  out: 
for  the  first  5 years  with  reload  licensing  costs  decreased  by  25Vi 


Figure  5-163.  Fuel  cycle  cost  compwson  of  varying  cycle  lengths  with  15-day  outage 


mm  I |mii 
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Figure  5-164.  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  30-day  outage 
for  the  first  5 years  with  reload  licensing  costs  decreased  by  50% 


165.  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  15-day  outage 
for  the  first  5 years  with  reload  licensing  costs  increased  by  25% 


Figure  5-166.  Fuel  cycle  cost  comparison  of  vaoinguycic  lengths  with  30-day  oulage 
for  the  first  5 years  with  reload  licensing  costs  increased  by  25% 


Figure  S<168.  Fuel  cycle  cost  compurison  of  varying  cycle  lengths  with  30-day  outage 
for  the  first  S years  with  reload  licensing  costs  increased  by  50% 
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of  the  1 8. 24,  and  30-month 
licensing  costs  increased  by 
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/rcrpO  - day]„^„  = 0.0336  • emr'  - 0.3509  • enr  + 10^  86  (5-40) 

FCCT[30 - day],,,,„  = 0.049  enr- 0.6593 • cnr  + 1 1 .262  (5-41) 

FCCTJ30  - = 0.081 1 • enr“  - 1 .2508  -«nr  + 1 3.58  (5-42) 

Differemialing  the  equations  and  setting  them  to  zero  yields  the  same  cnrichmenl 

affect  the  enrichment  at  vduch  specific  cycie  lengths  have  theit  minimum  fijei  cycie  cost 
Variations  in  the  repiocement  power  costs  do,  however,  affect  the  cost  savings  or  loss 
from  switching  to  one  cycle  length  to  another.  Using  the  base  model  values,  a reactor 
with  an  18-month  cycle  using  5.0-wt%  fuel  and  15-day  outage  would  lose  $29,000  a year 
ifit  were  to  switch  to  a 24-month  cycle.  Reactors  with  a 30-day  outage  would  save 
$1,543,000  ifthey  switched  ftom  an  18-month  to  24-monlh  cycle.  An  increase  of 
replacement  power  costs  to  30  results  in  a gain  of  $271 .000  (834.5%)  saved  per 

year  for  the  1 8-month  cycle  with  1 5-dny  outage  by  switching  to  a 24-month  cycle.  For 
30-day  outages,  thecosl  savings  is  increased  to  $2,143,000  (38.9%)  per  year.  Ifihe 
replacement  power  cost  is  doubled  to  50  , ihe  cost  savings  are  increased  to 

$1,471,000  (4,972.4%)  and  $4,543,000  (194.4%)  a year  for  the  !5-day  and  30-day  euiaae 
lengths.  A reduction  of  replacement  power  costs  to  20  would  result  in  a loss  of 

$329,000  (-1,234.5%)  and  a gain  of  $943,000  (-38.9%)  a year.  A further  reduction  to  15 
yields  a loss  of  $629,000  (-22,689.6%)  a year  for  the  1 5-day  oulagc  and  a 


reduced  savings  to  $343,000  (-77.8%)  a year  for  the  30-d 


5 Uie  replacemiMil  power  cost  is  increased,  the  savings  are  increased  by 

S300.000  (1034.5M)  per  year  for  15-day  outage  plants  by  going  from  an  l«-month  cycle 
Io24months.  and  $600,000  (38.954)  per  year  if  the  outage  length  is  30  days.  The  results 
from  these  calculations  are  presented  in  Figures  5-171  through  5-1 80  and  in  Tables  E-54 
through  E-61  of  Appendix  E. 

Effect  of  Variations  in  the  Cost  of  Dry  Cask  Storage 
A base  charge  of  $100  per  kg  for  dry  cask  storage  was  used  in  the  model.  As 
shown  in  Figures  5-19  though  5-57,  this  typically  represents  only  2 or  3%  of  the  fuel 
cycle  cost  at  the  respective  fuel  cycle  minimums.  A 10%  increase  in  the  cost  of  dry  cask 

$129,000  (41.2%),  $1,660,000  (4.0%),  and  $5,185,000  (2.2%)a  year  if  they  switch  from 
5-wt%  to  their  respective  enrichment  minimums.  For  the  30-day  outage  the  cost  savings 


for  the  first  5 ; 


mm 
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cost  comparison  of  varying  cycle  lengths  with  1 5-day  outage 
5 years  with  replacement  power  costs  increased  to  oO  ■ 


Figiire5-I73.  Fuel  eyelet 
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nmt  fmii 


167 


Figure  5-178.  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  30-day  outage 
for  the  firsts  yean  with  replacement  power  costs  decreased  to  IS 

kWhr, 


Figure  5-1 79.  Fuel  cycle  cost  comparison  with 
cycle  with  1 5-day  outage  length . 


endlincsofthe  18. 24,  and  30-month 
id  replacement  power  costs  increased  to 


mill 


are  increased  lo  S37.000  (193.6%).  SI, 381, 000  (4.7%).  and  $4,654,000  (2.4%)  wiih  die 
enrichmencininimum  for  the  18-momh  cycle  increasing  to  6.0-wi%.  An  increase  of  20% 
in  dry  cask  storage  costs  increases  cost  savings  lo  $1 66,000  (82.4%).  $1 .724,000  (8.1%). 
and  $5,299,000  (4.5%)  per  year  for  the  18.24,  and  30-month  cycles  with  1 5-day  outages 
and  $73,000  (477.4%),  $1,443,000  (9.3%),  and  $4,764,000  (4.8%)  per  year  for  30-day 
outages.  In  general,  for  every  1 0%  increase,  the  cost  savings  are  increased  by  $38,000 
(41.2%),  $64,000  (4.0%),  and  $1 13,000  (2.2%)  per  year  for  18,  24,  and  30-momh  cycles 
with  15-day  outages.  For  the  30-day  outage  plants  the  savings  are  increased  by  $36,000 
(193.6%)  if6.0-wt%  instead  of5.5-wt%  is  chosen  for  the  18-monlh  cycle.  $62,000 
(4.7%)  for  the  24-month  cycle,  and  $109,000  (2.4%)  pet  year  for  the  30-month  cycle. 
Decreases  of  the  same  magnitude  in  dry  cask  storage  costs  would  result  in  equal  but 
opposite  changes.  TheresulU  from  these  calculations  are  presented  in  Figures  5-181 
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through  5-190  and  in  TabJes  E-62  through  E-7I  of  Appendix  E. 

A 2"'’  order  polynomial  trendline  for  the  fuel  cycle  costs  for  the  1 8, 24,  and  30- 
month  cycles  with  a S0%  increase  in  the  cost  of  dry  cask  storage  is  presented  in  Figures 
5-191  and  5-192.  The  equations  for  the  trendlines  for  increased  dry  cask  storage  costs  are 
given  in  Equations  5-43  through  5-48. 

fCCr[!5-iAr>'],^.i„  = 0.0362  enr^-0.4i33enr  + 9.0503  (5-43) 

«rC7115-doyJ^.,„  = 0.055  enr’-0.7769-enr-H0.445  (5-44) 

FrC7'|15-<fov]j^.,„  =0.0899  ear’ -1. 4157  ew  + 13.268  (5-45) 

fCC7130-o'(rv]|,,*..,„  =0.0358  em-'-0.3938  cnr  + 9.4747  (5-46) 

«X7T30-rfrry]„„t..,^  = 0.0519  enr' -0.7161  enr  + 10.559  (5-47) 

«:Cri30-diiy]j,*,.,„  = 0.0852  enr'-1.3288  ear  + I3.181  (5-48) 

Differentiating  the  equations  and  setting  them  to  zero  yields  a minimum  for  the  1 8- 
momh  cycle  at  5-71-wt%,  7.06-wl%  for  the  24-month  cycle,  and  7.87-wt%  for  30-month 
cycle  plants  with  15-day  outages.  For30-dayoutageplantstheminimumsbecoine5.50- 
wt%,  6.90-wt%,  and  7.82-wt%  for  the  18,24,  and  30-month  cycles.  An  increase  in  dry 
cask  storage  costs  raises  the  enrichment  at  which  the  fuel  cycle  cost  is  minimum  for  all 
three  cycles. 

E^cct  of  Variations  in  the  Pinal  Disposal  Fee 
A base  fee  of  1 was  used  in  Ihis  model.  This  is  a flat  rate  fee  charged  to 

utilities  on  the  amount  of  electricity  generated  and  sold  from  nuclear  plants.  This  fee  is 
used  to  finance  a nuclear  waste  fund  to  provide  for  the  permartent  disposal  of  civilian 
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Figure  5-1 81.  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  15-day  out 

for  the  first  5 years  with  dry  cask  storage  costs  increased  by  10% 


- Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  30-day  outage 
for  the  (iral  5 years  with  dry  cask  storage  costs  increased  by  10% 


Figure  5-182- 


Ifuii  f iifm 


tor  the  first  5 years  with  dry  cask  storage  cosis  increased  by  20Vc 


Figure  5-184.  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  30-day  outage 
for  the  first  5 years  with  rlry  cask  storage  costs  increased  by  2054 


Figure  5-185.  Fuel  cycle  cosi  comparison  of  varying  cycle  lengths  with  15-day  outage 
for  the  fiisl  5 years  with  dry  cask  storage  costs  increased  by  50% 


Figure  5-186.  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  30-day  outage 
for  the  first  5 years  with  dry  cask  storage  costs  increased  by  50% 


FigujE5'IS7,  Fuel  cycle  cost  coinparison  of  varying  cycic  lengths  wilh  I5>day  outage 
for  the  first  5 years  with  dry  cask  storage  costs  decreased  by  10% 


Figure  5-lSS.  Fuel  cycle  cost  cooiparlson  of  varying  cycle  lengths  with  30-day  outage 
for  the  first  5 years  with  dry  cask  storage  costs  decreased  by  1 0% 
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Figure  5*1  Fuel  cycle  cost  comperison  of  varyiog  cycle  lenglhs  with  IS'dey  outage 
for  the  first  5 years  with  dry  cask  storage  cosu  decreased  by  20% 


Figure  5-190.  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  30-day  outage 
for  the  first  S years  with  dry  cask  storage  costs  decreased  by  20% 
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Figure  5-191. 


Fuel  cycle  cost  comperiscn  with  trcndlbcs  of  the  18, 21.  and  30-monIh 
cycle  with  15-day  outage  length  and  dry  cask  storage  cosla  increased  by 
50% 


Figu 


: 5-192.  Fuel  cycle 
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1 30-day  outage  length  and  dry  i 


of  the  1 8, 24,  and  30-month 
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Figure  5-194,  Fuel  cycle  cost  comparison  of  varying  cycle  lenglhs  wilh  30-duy  outage 
for  Ihe  first  5 years  wilh  revised  disposal  fee  assessment 


Effect  efVartfltions  in  the  Fuel  Purchoiic  Interest  Rate 

A fuel  purchsselosniniecesinueof  7%  wasusedinthernodel.  As  shown  in 
Figures  5-19  though  5-57,  this  interest  rtite  causes  the  in-core  capital  use  charge  to  be  7 to 
18%  of  the  fuel  cycle  cost  at  the  respective  fuel  cycle  minimums.  The  percentages 
mcrease  with  longer  cycle  times  and  shorter  outages.  Fuel  can  be  purchased  at  interest 
rates  in  the  5%  to  6%  range,  if  short-term  interest  rates  ore  used.  Figures  5-195  through 
5-198  compare  the  fuel  cycle  costs  when  the  interest  rote  on  hid  purchases  Is  lowered  to 
these  rales.  A decrease  of  the  interest  rates  for  fuel  purchases  from  the  base  model  of  7% 
to  6%  increases  cost  savings  for  the  1 8, 24,  and  30-month  cycles  with  I S-day  outages  to 
S4I4.0Q0  (353.6%),  $2,063,000  (29-3%),  and  $5,967,000  (14,5%)  a year  if  they  switch 
from  5-wt%  to  their  respective  enrichment  minimums,  with  the  minimum  for  the  30- 
month  cycle  now  at  8.5-wt%.  For  the  30-day  outage  the  cost  sovjng.s  are  increased  to 
$317,000  (2.145.2%).  $1,790,000  (35.7%).  and  $5,417,000  (16.4%)  with  the  enrichment 
minimum  for  the  1 8-momh  cycle  increasing  to  6.0-wi%  and  the  30-month  minimum 
enrichment  increased  to  8.0-wi%.  A further  decrease  to  an  interest  cate  of  5%  increases 
cost  savings  lo  $699,000  (666.7%).  $2,476,000  (56.0%),  and  $6,452,000  (35.5%)  per 
year  for  the  13, 24.  and  30-mumh  cycles  with  15-day  oulages.  The  fuel  cycle  cost 
miniraumsoccuf  al  enrichments  of  6.0-wt%,7.0-wt%,  and  8.5  wi%.  If  on  outage  length 
of  30  days  is  used,  Ihecost  saving.sarc  $596,000  (4,629.3%),  $2,206,000  (67.2%).  and 
$6,197,000  (36,3%)  if  enrichments  are  increased  lo  6.0-wt%,  6J-wt%,  and  8.5-w%  for 
the  1 8. 24,  and  30-month  cycles. 

A 2'*'  order  polynomial  uendline  for  Ihe  fuel  cycle  costs  for  the  18,24,  and  30- 
monlh  cycles  with  a decrease  of  fuel  purchase  Interest  talcs  to  5%  is  presented  In  Figures 


S-I99andS-200.  The  equations  Tor  (he  trmdlinca  far  the  dccrc&scd  ruel  purchase  inleresi 
rales  are  given  in  Equations  5-50  through  5-55. 

fCCT[l5-<*iy| =0.0288-w'-0.3803-enr  + 8.6414  (5-50) 

fCCni  5 - = 0.0468  • era- ' -0.7234  • tnr  * 9.931 6 (5-51) 

fCCT[l5-ii£(vlM_=0.079lenr--1.3148.e>ir  + 12.542  (5-52) 

frCT[30-iiv],^.,  = 0.0278.enr'-0.3553-cw  + 9.0584  (5-53) 

FCCT[30-dqv)„„,  =0.0438.enr’  -0.6675-enr  + l0.074  (5-54) 

FCCT|30-dfly]„,^=0.0746.enr’-1.2332-enr  + l2.482  (5-55) 

Differentiating  the  equations  and  setting  them  to  zero  yields  a minimum  for  the  18- 
ntonth  cycle  at  6.60-wt%.  7.73-wt%  for  the  24-month  cycle,  and  8.31 -wi54  for  30-month 
cycle  plants  with  1 5-dny  outages.  For30-dayouiageplanlstheminimumsbccome5.50- 
wtTi,  6.90-wi%,  and7.82-wi4^forihe  18.24.  and  30-month  cycles.  Further  calculations 
were  done  with  fuel  purchase  interest  rales  set  to  8, 9 10.  and  12%  and  are  presented  in 
Figures5-201  through5-2l8  and  in  Tables  E-74  through  E-S5  of  Appendix  E.  The 
minimums  for  trendlines  at  the  varying  interest  rates  ore  given  in  Table  E-86.  Decreases 
in  the  fuel  purchase  interest  rate  raises  the  enrichment  at  which  the  tuel  cycle  cost  is 
minimum  for  all  three  cycles. 
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FigimS-195.  Fuel  cycle  cos  comparison  of  varying  c>^le  lengths  with  I S-day  outage 
for  the  first  5 yean  with  fuel  purchase  ititercsl  rate  decreased  to  (fii 


Figure  5-196.  Fuel  cycle  cos  comparison  of  varying  cycle  lengths  with  30-day  outage 


Figure  5-197.  Fuel  cycle  com  comparison  of  varying  cycle  lengths  with  15-day  outage 
for  the  fitsr  5 years  with  hiel  purchase  interest  rate  decreased  to  5K 
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FiBure5.|«. 


Fuel  cycle  cost  comparison  sviiii  iremlllnes  of  the  IS.  24.  an 
cycle  with  1 5-day  outage  length  and  fuel  pucchase  Intecesl  i 
loSK 


Figure  5-200. 


Fuel  cycle  cost  comparison  wilh  Irendlines  of  the  18. 24.and  30-monih 
cycle  with  30-dey  outage  length  and  Fuel  purchase  interest  rate  decreased 
to  5% 


fit  51  IllffI 


Figure  S‘20l.  Fuel  cycle  cost  comparison  of  varying  cycle  lengtha  willi  15-day  outage 
for  the  first  5 years  with  fuel  purchase  inleresi  rate  increased  to  i% 


Figure  5-202.  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  30-day  outage 
for  the  Iirst  5 years  with  fuel  purchase  interest  rale  increased  to  i% 


Figure  5-203.  Fuel  cycle  cosl  couip^son  of  varying  cycle  Icngtlu  vrith  1 5-day  ouiage 


Figure  5-204.  Fuel  cycle  cost  compariKin  of  varying  cycle  lengths  with  30-day  ouiage 
for  (he  firet  S years  with  fuel  purchase  interest  rate  increased  to 


Figure  S-20S.  Fuel  cycle  cost 
forihefirsiSy! 


IS-duyouugc 
edto  10% 


Figure  5-206.  Fuel  cycle  cosl  compaiison  of  varying  cycle  Icnglhs  with  30-day  oulnge 
for  the  firet  5 yeare  with  fuel  purchase  interest  rate  increased  to  10% 
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Figure  5-207.  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  15-day  outage 
for  the  first  5 years  with  Itiel  purchase  interest  rate  increased  to  1 2% 


Figure  5-208.  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  30-day  outage 
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Figure  5-209. 


Fuel  cycle  cost  comporuon  wiih  Headlines  of  the  I S,  24,  end  30-moalh 
cycle  with  15-day  omage  lengih  and  fuel  purcha.se  imeresi  rare  decreased 


Figure 5-210.  Fuelcyclcc 


mparison  with  trendlines  of  die  18. 24.  and  30-inomh 
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Figure  5-211. 


Fuel  cycle  cost  companson  wiih  irendlinee  ofihe  18. 24.  and  50-manih 
cycle  with  1 5-day  outage  length  and  fuel  purchtiae  Inlereat  role  increased 
to  8% 


Figure  5-212. 
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-215.  Fuel  cycle  cosi  comparison  with  trendlinea  of  the  IS. 
cycle  with  IS-day  outage  length  and  fuel  purchase  in 
to  low 
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Figure  5-218.  Fuel  cyclecosl  comparison  with  trendlinesof  the  1 8. 24,  and  30-monlh 
cycle  with  50-day  outage  length  and  fuel  purchase  interest  rule  increased 


CHAPTERS 

CONCLUSIONS 

Research  indicates  that  increasing eniichmenls  to  10.0‘Wt%  iso  viable  option 
for  most  of  today’s  equipment.  The  economic  model  indicates  that  there  is  little 
incentive  for  plants  using  an  18‘month  cycle  to  increase  enrichments.  For  the  base  cose 
models,  the  24‘month  cycle  is  the  most  competitive.  Up  to  6.5-wi%  is  on  attractive 
option  economically  for  the  24-month  cycle  with  interest  rates  up  to  9.S^.  It  is 
suggested  that  o minimum  of  two  reactors  on  a 24-month  cycle  participate  in  any 
program  to  increase  enrichments  in  order  for  there  to  be  an  economic  incentive  to  do  so. 

A single  reactor  developing  o 30-month  cycle  could  see  signillcant  savings  in  such  a 
program.  Longer  fuel  cycles  eould  only  be  achieved  with  enrichments  greater  than  the 
currently  licensed  5.0-wi3i  limit.  These  longer  cycles  would  still  have  fuel  cycle  cost 
minimums  in  the  range  of  8.0  to  9.0-wi3^,  and,  therefore,  it  is  concluded  thoi  licensing 
and  equipment  modification  beyond  this  point  would  be  unnecessary  for  current  PWR's 
in  the  United  States. 

Increasing  ore  costs  lower  the  enrichment  at  which  the  fuel  cycle  has  its  minimum 
fuel  cycle  cost.  Even  with  a 100%  increase  in  ore  cost  there  are  still  signillcant  savings 
in  going  from  the  5.0-wr%  to  higher  enrichments  for  the  24  and  30-month  cycles. 
Increasing  conversion  costs  will  also  lower  the  enrichments  for  the  fuel  cycle  cost 
minimums  but  since  conversion  is  typically  only  one  to  three  percent  of  the  total  fuel 
cycles  costs,  its  elTcclon  the  enrichment  minimums  and  cost  savings  is  relatively  minor. 
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In  comparison,  changes  to  ihe  SWU  cosis  have  a much  greater  impact  on  fuel  cycle 
enrichment  mioimums  and  potential  cost  savings.  Figure  i-1  shows  a sensitivity  study 
for  atypical  fuel  cycle  using  increased  enrichment,  b bis  case  the  enrichment  is  Ihe 
largest  component  and  has  the  greatest  effect  on  the  ovcmJl  fuel  cycle  coal.  As  shown  in 
Figures  6*2  and  6-3.3  100%  increase  in  SWU  price  would  nil  but  eliminate  incentive  for 
going  to  higher  enrichments.  Albough  Ihe  24*monb  cycle  would  still  see  somcsavbgs. 
the  l8<ntonb  cycle  becomes  be  cheapest  fuel  cycle  lengb  and  ha.s  minimums  at  S-wt% 
orless.  Figures  6-4  and  6-S  show  a 50%  decrease  in  SWU  costs.  In  bis  case,  not  only  is 
there  bccntJvc  to  bcrcase  enrichments,  the  longer  fuel  cycles  become  competitive. 

Increases  in  lubricBlion  cost  also  raise  Ihe  cost  savings  Irom  incrca.scd  enrichment. 
Figures  6-6  and  6-7  compare  Ihe  fuel  cycle  costs  when  the  fabrication  charges  are 
increased  by  100%.  For  be  15-day  outage  be  24-monb  cycle  remains  be  must 
competitive  but  be  30-doy  outage  has  a minimum  fiiel  cycle  cost  using  be  30-inonb 
cycle  at  an  enrichment  of8.0-wt5i.  There  is  only  a 9%  difference  between  be  cost 
savings  of  a 24-monb  cycle  going  from  5.0-wt%  to  6.5-wt%and  be  same  plant  going  to 
be  longer  30-monb  cycle  wib  8.0-wt%  fuel.  Increases  of  dry  cask  storage  costs  have  a 
similar  e^eetbutto  a lesser  degree.  Figures  6-8  and  6-9  compare  be  fiiel  cycle  costs 
when  be  cost  of  dry  cask  storage  is  increased  by  100%.  In  this  case  the  24-monb  cycle 
is  be  most  cost  effective  for  bob  outage  lengths,  but  be  30-monb  cycle  is  a very  close 
second  at  8.0-wl%  fuel  for  be  30-day  outage  case. 

Reload  licensing  variations  have  linie  effect  on  cosl  savings  for  going  to  higher 
enrichments.  Figures  6-10  and  6-1 1 comporu  be  fuel  cycle  costs  when  Ihe  reload 
licensing  costs  are  increased  by  100%.  There  is  little  e^ecl  seen  on  be  shape  of  be  fuel 
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cycle  cost  curves;  what  is  changed  b the  vertical  position  of  the  cyck'lengths.  As  reload 
licensing  costs  are  increased,  Ihe  longer  cycles  become  more  competitive.  Variations  of 
replacement  power  costa  have  a similar  effect.  An  increase  in  replacement  power  cost 
also  increases  the  potcmial  cost  savings  of  going  to  longer  cycle  lengths.  Variations  in 
the  disposal  fee  have  no  effect  on  cost  savings  of  increasing  enrichments  or  cycle  lengths. 
Modification  to  the  way  thia  fee  is  assessed  in  order  to  encourage  the  use  of  fewer 
assemblies  could  potentially  encourage  the  use  of  higher  enrichments  by  increasing  the 
cost  savings  by  millions  per  year. 

Fuel  purchase  interest  rales  are  the  dominant  factor  in  determining  the  cost 
savings  or  loss  in  using  higher  than  5.0-wt%  fuel.  At  fuel  purchase  interest  rales  of  6 to 
7%  the  economic  model  shows  a potential  savings  of  over  7 million  dollars  per  year  for 
maclors  using  a 24'month  cycle  and  a savings  of  5 to  6 million  dollars  per  year  if  reactors 
were  to  develop  a 30*month  cycle.  Increases  in  interest  rales  could  result  in  very  large 
losses  if  reactors  were  to  go  to  higher  enrichments.  As  long  as  the  participating  reactors 
did  not  contract  to  use  Ihe  higher  enrichments  but  only  to  pay  for  the  licensing  and 
equipment  upgrades  for  the  aUUlyto  go  to  higher  enrichments  they  could  minimize  any 
potential  losses.  If  a program  is  developed  with  1 0 participating  reactors,  even  if  mtcrest 
rales  on  purchase  of  fuel  were  raised  to  205^  reactors  on  a 24-monlh  cycle  could  go  back 
to  using  5‘Vit%  filet  and  only  experience  an  invesUnenl  loss  of  approximately  SIOO.ODO 
each  year  fora  maximum  of  5 years.  Any  time  after  that  5 year  period,  if  the  interest 
rales  dropped  and  the  utility  puichased  6J-wt5k  fuel  at  759  Inlcmst  then  each  plant  could 
potentially  save  1. 4 to  1.7  million  dollars  a year,  depending  on  the  outage  length.  Fuel 
pumhascs  at  on  interest  rate  of  9%  would  recoup  the  5>ycar  loss  in  less  than  a year. 


ihe  inonihJy  average  Federal  Ftiods  inleresl  rate  over  the  loal  20  ycara  and  the  yearly 
average  over  the  last  50  years  [30].  The  interest  rate  is  eurrcnlly  at  154  but  has  been  as 
high  as  1 1.64%  in  the  last  20  years  and  I9.l054(jtine.  1981)  in  the  last25  yeara.  The 

could  he  seen  by  increased  enrichinems  beyond  the  cuircni  licensing  lirnil  of  S-tviHU^’. 


Figure  6-1.  Sensitivity  study  of  litel  cycle  components  to  change  for  typical  luluristic 
fuel  cycle  (24-month.  6.5-wt94, 1 5-day  oulage) 


^ forlh«^rsl5yeafs>^SWUcosUncrcLedby^OO%  *"  °* 


* fonhefiret5years^SWUc^racreLcdby1oO%  ^ 
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Figun:  64.  Fuel  cycle  cost  ccm[»rison  of  varying  cycle  lengths  with  I5*day  outage 
for  the  first  S years  with  SWU  cost  decreased  by  S09i 


Figure  6-5.  Fuel  cycle  cost  conparison  of  varying  cycle  lengths  with  30-day  outage 
for  the  first  5 years  with  SWU  cost  decreased  by  S05i 
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Figure  6*6.  Fuel  cycle  cosl  comperison  of  varying  cycle  lengths  with  IS-day  outage 
for  the  Ftrsl  S years  with  fabneation  costs  increased  by  I (X)9f) 


Figure  6-7.  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  30-day  outage 
Jbr  the  first  5 years  with  fabrication  coats  incirasedby  100% 


Figure  6-9.  Fuel  cycle  ccsi  comparisoo  of  varying  cycle  lengihe  mih  30-day  outage 
Tor  l)ie  first  3 years  with  the  coslordry  cask  stoiagc  increased  by  100% 
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Figure  6-10.  Fuel  cycle  cost  comparison  of  varying  cycle  lengths  with  15-^youlage 
for  the  first  S years  with  reload  licensing  costs  increased  by  100% 


^ for  Ihc’liisi  S years  reload  lic'^sfng^cosls  increased  by  100%  ^ 


•12.  Historical  Federal  Funds  interest  rate  ovcfihe  I 


APPENDIX  A 
MCNP  INPUT  RLES 

II  of  the  base  case  MCNP  Input  files  used  to 
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The  MCNP  Input  File  Wet  Processing  of  5-wl%  UO],  2.056  g U/cc,  6.065-inch 
dinmeterSS  Pipe 
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The  MCNP  Input  File  Wet  Proceselng  of  7-wl%  UOj,  1.280  g U/cc,  T.98l-lnch 
diantcler  SS  Pipe 
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The  MCNP  Input  File  Wet  Pmeeeaing  of  7-wlV6  LTOj,  0.80  g U/cc,  10.02-iocli 
diameter  SS  Pipe 
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Tfa«  MCNP  Input  FUe  Single  Molybdenum  Pellet  Bont  Oue< Third  Pncked  with  5> 
Pellets  nnd  Moderated  by  Water  at  20  °C 
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APPENDIX  B 

MCNP  CALCULATION  RESULTS 

This  appendix  conlains  lablesofall  of  iho  results  of  ihe  MCNP  nuts  used  to 
dclemtiite  criticality  limitations  for  equipment  ond  facilities  used  in  the  manufacture, 
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Tables  B-l , Rssulis  of  MCNP4c2  calculaiions  of  UFa  in . 
with  2-ft  water  reflector. 


ompictely  filled 


nplelely 


Table  B-3.  Results  of  MCNP4c2  calculations  of  UFs  in  a 30B  cylinder,  com 
niled.  no  modeialor,  lying  on  a concrete  slob. 
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Table  B-S.  ResuIuofMCNP4c2  calculslions  ofUFtin  a 3DB  cylinder,  completely 
filled,  moderated  by  0.8  g/ce  water  vapor,  lying  on  a concrete  slab. 
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Tabic  B-7.  Resales  of  MCNP4c2  calculalions  ofUFs  in  a 30B  cylinder,  compleiely 
niled,  moderated  by  0.5  g/cc  viaicr  vopor,  lying  on  a concrete  slab. 
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Table  B-9.  Results  oTMCNP4c2  calculations  of  UFt  in  a 30B  cylinder,  completely 
filled,  moderated  by  0.3  g/cc  water  vapor,  lying  on  a concrete  slab. 
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Tabic B*ll.  Resulu of  MCNP4c2  calculalionc ofUFe ia a 30B cylinder, completely 
filled,  modeiBlcd  by  0.1  g/cc  water  vapor,  lying  on  a concrete  slab. 
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Table  B-13.  Results  of  MCNP4c2  calculations  of  UF»  in  30B  cylinders  in  a triangular 
pitch,  completely  filled,  moderated  by  water  at  20  *C,  lying  on  a concrete 
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Table  B-15.  Resells  ofMCNP4c2  caiculalio: 
pitch,  conipleiely  niled,  modem 


IS  of  UFt  ina  30B  cylindere  in  a Ir 
edbyO.I  g/cc  waccr  vapor,  lying  < 


0.0005S 

0.00062 


2Sg 


Table  B-17. 


RnullaofMCNP4c2  cajc 
pilch,  completely  filled,  i 


nu  ofUFt  ina30B  cylinder  in  a inangular 
aled  by  0.3  g/cc  water  vapor,  lying  on  a 


iiiiiiiiiiifi 


et/UOj  sluny 


260 

Table  B-21.  Resulls  of  MCNP4c2  calculations  for  5-wrt4  U”'  wace 
8-inch  40ST  SS  pipe. 
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Table  B-26.  Resells  of  MCNP4c2  ca 
10-Inch  40STSS  pipe. 


: for  7-wrt4  water/UOj  slurry  in  a 


Table  B-26.  Resulls  ofMCNP«lc2  cnlculalions  for  1 0-wi«  waier/UO!  slurry  in  a 
6-inch  40ST  SS  pipe. 
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Table  B-27.  Resulls  of  MCNP4c2  calculations  for  IO-wi%  waler/UO?  siting  in  an 
8-inch  40STSS  pipe. 


Table  B-28.  RcsulUofMCNP4c2  calculations  for  l5-wi34  water/UOj  slimy  in  a 
6-inch  40ST  SS  pipe. 


1 5-wi%  U“*  wsier/UOi  slurry  in  an 


r 20-wrt4  U“’  walCT/UO;  slurry  in  a 
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t/UOj  slurry 


clor  wiih  DO 
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Table  B-33.  Resulls  of  MCNP4c2  calculalions  for  dry  conversion  reactor  modeiaied  by 
water  at  20  “C. 


Table  B-34.  Resulls  orMCMP4c2  caJculations  for  dry  conversion  reactor  moderated  by 
O.S  g/cc  water  vapor. 


Table  B-35-  Results  of  MCNP4c2 
0.S  g/ec  water  vapor. 


Table  B-36.  Results  of  MCNP4c2  a 
containing  UO^  powdc 
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Table  B-39.  Resiitis  of  MCNP4c2  calculaiions  for  an  infinilc  array  of45-gaJlon  drums 
concainingUO’ powder  moderaied  by  0.3  g/a  water  vapor. 
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Trills  B-41.  Results  of  MCNP4c2  calculations  for  an  infinite  array  of  4S-gallon  drums 
containing  UO’  powder  moderated  by  0.5  g'ci  water  vapor. 


Table  B-43.  Results  of  MCNP4c2  calculations  for  single  ntolybdemin  pellet  boat 

containing  completel)'  packed  UO’  pellets  moderated  by  water  at  20  °C. 


containing  a 2 to  1 ratio  by ' 
20  ”C. 


: for  single  molybdenum  pellet  boat 
e of  water  to  UO’  moderated  by  water  at 


» 0.7S314  O.IHOSS 

5 0.76123  0.00077 


Tabic  B-45.  Results  ofMCNP4c2  calculations  for  infinite  amiy  ofmolybdcmun  pellet 

boats  conlaining  a 2 to  1 ratio  by  volume  of  water  to  UO^  moderated  by  0.05 
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Table  B-47.  Reaulu  of  MCNPdc2  calculations  for  infinite  anay  ofmolybdemun  pellet 
g/cc  water  vapor 


Tabic  B-43.  Results  of  MCNP5.mpt  calculations  for  single  ISxIS  assonblv  moderated 
by  water  at  20  ”C. 
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Table  S-54.  Resulia  of  MCNPS.mpi  caJculolions  for  infinite  airay  of  shipping  conlaineis 
containing  two  15x15  assemblies  niodcraied  by  0.7  ^cc  water  vapor. 
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Table  B-55.  Results  of  MCNPS.mpi  calculalio 
containing  tuo  ISkIS  assemblies  i 


■t  for  infinite  airay  of  shipping  cent; 
oderated  by  O.S  g/cc  water  vapor. 
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Table  B-57.  Rcsulls  of  MCNPS.mpi  calculations  for  infinite  anay  of  shipping  < 
containing  two  15x15  assemblies  with  no  moderator. 


sofMCNP5.mpi  calculalii 


id  pool  conulning  SOO-pptn 


2.  ResulisofMCNPS.mpIcaJcul 


nl  fuel  pool  using  BPRA’s  and 


APPENDIX  C 
CASMO-3  INPUT  FILES 


Tliis  appendix  comains  Die  base  case  CASMO-3  inpul  file  used  lo  delemii 
discharge  bumups  and  cycle  lengths  for  enrichmcnls  from  5-wtM  to  1 0-wi%  U”’. 
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TheCASMO-3  Input  File  Siugk  17*17  Assemlily  »ilb  5-wl%  Fuel 


APPENDIX  D 

CASMO-3  AND  CASFIND-6  CALCULATION  RESULTS 

This  appendix  conlains  ihe  results  from  CASMO-3  and  CASFIND-6  calculalions 
ischarge  buniups  and  cycle  lengths  for  enrichmenu  from  5-wt«  U“’  to  10-wt% 
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APPENDIX  E 

FUEL  CYCLE  COST  CALCULATIONS 
Tliis  appendix  contains  tables  ofall  of  the  fuel  cycle  cost  cal 
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Table  E-2.  Base  fuel  cycle  cosu  for  30-day  oulage  planes  for  Ihe  firsi  5 years. 
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